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I 
SUMMARY 

Liquid metal heat pipe cooling systems have been invest i -  
gated for  the combustor l i n e r  and engine i n l e t  leading edges of 
scramjet engines for a missi le  application. 

1 

Five coo l ing  concepts f o r  scramjet  combustor l i n e r s  were 
analyzed, and t h e i r  character is t ics  were compared for  a short 
dura t ion  mission. The prefer red  concept cons i s t ed  of a 
l i t h i u m - T Z M  molybdenum annular heat pipe surrounding a carbon- 
carbon combustor l iner .  A separate lithium reservoir  i s  incor- 
porated wi th in  t h e  h e a t  pipe s t r u c t u r e .  D u r i n g  t h e  t r a n s i e n t  
phase of f l i g h t ,  h e a t  i nc iden t  on the  combustor l i n e r  i s  ab- 
sorbed by t h e  s e n s i b l e  thermal capac i ty  of t he  h e a t  pipe and 
the l iner .  Dur ing  steady-state cruise, heat i s  absorbed by the 
vaporization and discharge of l i t h i u m  t o  the atmosphere. 

The heat pipe cooling system operates a t  a maximum tempera- 
t u r e  of 2600°F.  The temperature of the  combustor l i n e r  i s  
3400°F d u r i n g  steady-state operation. The peak l i n e r  tempera- 
t u r e  occurs d u r i n g  t he  t r a n s i e n t  phase of f l i g h t ,  and exceeds 
the steady-state value by 400-500°F. I f  the heat pipe cooling 
system i s  designed so t h a t  i t  remains i n  con tac t  w i t h  t h e  
combustor l i n e r  throughout f l i g h t ,  l i n e r  temperatures can be 
reduced 300°F below the above l eve l s .  

For t he  engine i n l e t  l ead ing  edge, h e a t  pipe cool ing  i s  
accomplished by fabricating the leading edge as a hollow struc- 
ture whose inner surface i s  l ined w i t h  a l iquid-metal-fi l led 
c a p i l l a r y  wick. Heat incident on the stagnation region and the 
inner  su r face  of t he  lead ing  edge is t ranspor ted  by the  h e a t  
pipe mechanism t o  the outer surface and dissipated by radiation 
t o  the environment. 

The l ead ing  edge which was analyzed had a r ad ius  of 0.035 
in . ,  a wedge a n g l e  of 5 deg ,  and was f a b r i c a t e d  from Haynes 25  
superalloy. Sodium was selected as the heat pipe f lu id .  W i t h  
a chordwise length  of 2-3 i n . ,  t h e  peak temperature of t h e  
lead ing  edge i s  l imi t ed  t o  1 7 0 0 ° F  o r  lower. S teady-s ta te  
operating temperatures a re  about 20°F below the peak values. 

I t  i s  concluded t h a t  h e a t  pipe cool ing  i s  a v i a b l e  method 
for l i m i t i n g  the temperatures of scramjet combustor l i n e r s  and 
engine i n l e t s  t o  l e v e l s  a t  which s t ruc tura l  in tegr i ty  i s  great- 
l y  enhanced. Current e f fo r t s  t o  extend the operating tempera- 
tu re  of coated carbon-carbon to  the 3500-3700°F range can then 
be exploited to  yield a combustor l i n e r  which undergoes minimal 
a b l a t i o n  during f l i g h t .  Engine i n l e t  l ead ing  edges can be 
fabricated from oxidation-resistant superalloys, instead of the 
coated refractory a l l o y s  o r  coated carbon-carbon which would 
otherwise be needed t o  withstand t h e  i n t e n s i v e  aerodynamic 
heating environment. 
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PREFACE 

The design of scramjet  engines r equ i r e s  t h a t  engine com- 
ponents be protected against the severe aerothermal environment 
associated w i t h  hypersonic f l i g h t .  Passive thermal protection 
methods, i n  which temperature- and oxidation-resistant mater- 
i a l s  are  allowed t o  reach equilibrium temperature l e v e l s ,  can 
severely tax the maximum temperature capabi l i ty  of ava i l ab le  
materials. W i t h  ac t ive  thermal protection systems, vulnerable 
structures a re  cooled t o  temperatures a t  which a v a i l a b l e  mater- 
i a l s  may be used with confidence. I f  s u i t a b l e  coo l ing  tech- 
niques can be devised, ac t ive  cooling represents an a t t r a c t i v e  
a l t e r n a t i v e  t o  passive thermal protection. 

Heat pipe cooling systems which u t i l i z e  l iquid metal f l u i d s  
are  of pa r t i cu la r  i n t e re s t  as  a potent ia l  technique for  l i m i t -  
ing the temperature of scramjet engine components subjected t o  
intensive aerothermal heating. W i t h  such systems, heat trans- 
p o r t  t akes  p l a c e  au tomat i ca l ly ,  without t he  use of e x t e r n a l  
power and pumps. High h e a t  t r a n s p o r t  r a t e s  a r e  a t t a i n a b l e  a t  
elevated temperatures w i t h  moderate system pressures, and sys- 
tem temperature drops a re  minimal. 

The object ive of the s t u d y  described herein was t o  explore 
the a p p l i c a b i l i t y  of l iquid metal heat pipe cooling for  those 
scramjet engine components for which adequate thermal protec- 
t ion  presents the greatest  chal lenge-the combustor l i n e r  and 
the i n l e t  leading edge. The combustor l i n e r  cooling problem i s  
t r e a t e d  i n  P a r t 1  o f t h i s  r epor t .  Cooling o f t h e  i n l e t  l ead ing  
edge is  addressed i n  Part 11. 

Some mater ia ls  u t i l i z e d  i n  the investigation of heat pipe 
cooling systems for scramjet engine components a re  referred t o  
by t h e i r  commercial product designations, since a v a i l a b l e  pro- 
perty data fo r  these materials appl ies  t o  specif ic  commercial 
formulations. Such references do not const i tute  o f f i c i a l  en- 
dorsement, express  o r  implied,  of t h e  products o r  t h e i r  manu- 
facturers  by the National Aeronautics and Space Administration. 
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PART I 

HEAT PIPE COMBUSTOR LINER COOLING 



INTRODUCTION 

Combustor l i n e r  temperatures i n  excess of 4000°F a r e  
c h a r a c t e r i s t i c  of engines designed t o  opera te  a t  hypersonic 
speeds (1). N o  combustor l i n e r  materials a re  current ly  ava i l -  
ab le  which can maintain both adequate strength and resistance 
t o  cor ros ion/oxida t ion  a t  these  temperatures. A prime candi- 
da te ,  carbon-carbon, does e x h i b i t  good high temperature 
strength character is t ics ,  but current protective coating capa- 
b i l i t i e s  l i m i t  maximum temperatures t o  around 3000°F  ( 2 ) .  
Ongoing research on carbon-carbon protective coatings i s  d i r -  
ected toward r a i s i n g  o p e r a t i o n a l  temperature c a p a b i l i t y  t o  
3500-3700°F. 

The current approach t o  the design of scramjet combustors 
f o r  m i s s i l e s  i s  t o  f a b r i c a t e  the  l i n e r  from uncooled coated 
carbon-carbon, w i t h  s u f f i c i e n t  thickness  t o  in su re  adequate 
s t r e n g t h  a f t e r  m a t e r i a l  l o s s e s  from corrosion/oxidat ion.  A n  
a l t e rna te  approach is  t o  cool the combustor l i n e r  t o  a tempera- 
ture  a t  which coated carbon-carbon can ex i s t  w i t h  l i t t l e  or  no 
corrosion/oxidation. 

I n  t h i s  r e p o r t ,  t h e  c h a r a c t e r i s t i c s  of combustor l i n e r  
cooling systems based on l iquid metal heat pipe technology are  
examined. Liquid metal heat pipe cooling systems were consi- 
dered because they are  s e l  f-actuating without any requirement 
for external pumps o r  power, and are  capable of heat transport  
a t  high ra tes  and moderate pressures a t  elevated temperatures. 

The cooling system m u s t  maintain the combustor l i n e r  tem- 
perature a t  prescribed l e v e l s  by f i r s t  removing heat incident 
on the l i n e r  from the combustion gas, and then diss ipat ing the 
removed hea t .  The h e a t  can be d i s s i p a t e d  by s e n s i b l e  hea t ing  
of the cooling system and surrounding structure,  by vaporizing 
and d ischarg ing  an appropr ia te  h e a t  s i n k  f l u i d ,  by r a d i a t i n g  
t h e  h e a t  t o  t h e  environment, by s e n s i b l y  hea t ing  engine f u e l  
pr ior  t o  combustion, o r  by any combination of the above. 

I n  an i n i t i a l  scoping s t u d y ,  c a r r i e d  ou t  f o r  t he  Naval 
Surface Weapons Center, 18 d i f fe ren t  heat pipe cooling system 
concepts were defined and evaluated. The r e s u l t s  of t h i s  study 
are  summarized i n  Appendix A. O n  the basis of r e l a t i v e  weight 
and volume, f i v e  concepts were selected for fur ther  evaluation. 

The heat pipe cooling system studies reported herein i n -  
cluded the following tasks. 

1. Cooling System In teg rab i l i t y  - Additional investigations of 
the f i v e  cooling concepts ident i f ied i n  the e a r l i e r  s tudy,  
w i t h  emphasis on in t eg rab i l i t y  of the system w i t h  the scram- 
j e t  engine. 
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2. 

3 .  

4. 

Conceptual Design - Selection of the preferred cooling sys- 
tem concept from the f i v e  candidate systems, and optimiza- 
t ion  of the resu l t ing  conceptual design. 

Transient Behavior - Study of the temperature his tory of the 
conceptual design during a representative mission, and the 
i n f l u e n c e  of  d e s i g n  pa rame te r s  on peak t r a n s i e n t  
temperatures. 

Assessment of Concept P o t e n t i a l  - - Review of the  hea t  pipe 
cool ing  system concept, i t s  impact on scramjet  engine 
design, and the  r e l a t i o n s h i p  of cool ing  system design 
requirements t o  current technology. 

OVERVIEW OF CANDIDATE D E S I G N  CONCEPTS 

The genera l  arrangement of t h e  hea t  p ipe  cool ing  sys tem 
wi th in  an engine i s  shown i n  Figures 1 and 2. The cool ing  
system surrounds t h e  combustor l i n e r ,  and i s  connected t o  a 
radiating or  vaporizing heat re ject ion s y s t e m .  F i g u r e  1 i l l u s -  
t r a t e s  how t h e  cool ing  system i s  configured w i t h  an e x t e r n a l  
hea t  r e j e c t i o n  r ad ia to r .  I n  Figure 2, t h e  coo l ing  system 
configuration i s  shown for  a vaporizing heat s i n k  with atmos- 
pheric discharge nozzles. 

Cross-sections of the f i v e  candidate design concepts which 
were selected for  fur ther  evaluation are  i l l u s t r a t e d  schemati- 
c a l l y  i n  Figure 3 .  The concepts a r e  i d e n t i f i e d  by the  same 
des igna t ions  a s  were used i n  t h e  e a r l i e r  study. For t h e  four  
concepts indicated by C, the heat pipe cooling system surrounds 
and coo l s  a carbon-carbon l i n e r .  With t h e  f i f t h  concept, 
designated as  M - 6 ,  the in te rna l  surface of the cooling system 
i t s e l f  ac t s  as  the combustor l iner .  For each case, the cooling 
system is constructed from TZM molybdenum, and lithium i s  used  
as  the heat pipe/reservoir f lu id .  

I n  concept C-7, a heat pipe surrounding the carbon-carbon 
l i n e r  i s  connected t o  an external  heat pipe radiator v ia  a heat 
pipe t rans i t ion  section, as  i n  Figure 1. Heat removed from the 
l i n e r  during the t rans ien t  phase of the mission i s  absorbed by 
sensible heating of the cooling system and surrounding struc- 
t u r e ,  whi le  h e a t  removed d u r i n g  s teady-s ta te  opera t ion  i s  
dissipated by radiation from the radiator  surface. 

With concepts C-8, C-5 ,  and C - 4 ,  t h e  t r a n s i e n t  hea t  load 
i s  a l s o  absorbed by sensible  heating of the cooling system and 
surrounding structure.  However, the steady-state heat load i s  
d i s s ipa t ed  by vapor iza t ion  of l i t h ium and i t s  d ischarge  i n t o  
the  atmosphere, a s  i n  F i g u r e  2. These th ree  coo l ing  concepts 
d i f f e r  from each other i n  t h e i r  in te rna l  construction. 
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Figure 1. Cooling System Configuration With Radiation 
Heat Sink 

Concept C-8 employs an i n t e g r a l  hea t  p i p e / r e s e r v o i r  i n  
which t h e  h e a t  pipe wick and l i t h i u m  r e s e r v o i r  a r e  both con- 
ta ined  w i t h i n  a common s t r u c t u r e  w i t h  a common vapor space. 
Upon opening of t h e  discharge nozz les ,  t he  l i t h i u m  vaporizes  
from the wick surface and i s  replenished by the c a p i l l a r y  flow 
of l iquid l i t h i u m  from the reservoir. 

I n  concept C-5 ,  h e a t  removed f r o m  the  liner by a conven- 
t i o n a l  h e a t  pipe i s  t r a n s f e r r e d  ac ross  a common w a l l  t o  a 
s epa ra t e  l i t h i u m  r e s e r v o i r .  Upon opening of t he  discharge 
nozzles, l i t h i u m  vaporizes from the liquid-vapor interface of 
the reservoir ,  eventual ly  depleting the reservoir  of the l iquid 
l i thium. 

I n  concept C-4, t h e  r e s e r v o i r  and h e a t  pipe wick a r e  
combined i n t o  a s i n g l e  e n t i t y .  Upon opening of t h e  discharge 
nozzles, l i t h i u m  vaporizes from the liquid-vapor interface of 
the heat pipe wick/reservoir, eventual ly  depleting a l l  of the 
l iquid l i t h i u m  .present. 

I n  concept M-6, t h e  inner  su r face  of t h e  h e a t  pipe cool ing  
system a c t s  a s  t h e  combustor l i n e r ,  s ince  t h e r e  i s  no carbon- 
carbon l i n e r  present .  Like concept C-5, t h e  h e a t  pipe s t r u c -  
t u r e  i s  surrounded by a s epa ra t e  l i t h i u m  r e s e r v o i r .  The h e a t  

7 



Figure 2. Cooling System Configuration With Vaporizing 
Heat Sink 

pipe is connected t o  an external heat pipe radiator via  a heat 
pipe t rans i t ion  section, as  i n  Figure 1, while the vapor space 
of the reservoir  i s  connected t o  vapor discharge nozzles, as  i n  
Figure 2. The t ransient  heat load i s  dissipated by a combina- 
t i o n  of t h e  s e n s i b l e  hea t ing  of t he  cool ing  system and s u r -  
rounding s t r u c t u r e ,  and by t h e  vapor iza t ion  and discharge of  
l i t h i u m  from the  r e s e r v o i r .  The s t eady- s t a t e  h e a t  load i s  
dissipated by radiation from the external heat pipe radiator,  
as i s  the case for concept C-7. 

STUDY ASSUMPTIONS AND DESIGN CRITERIA 

The s t u d y  reported herein was conducted for  the most par t  
with the  same assumptions and c r i t e r i a  a s  were used i n  t he  
i n i t i a l  NSWC study.  The pr incipal  changes r e l a t e  t o  the l i n e r  
and the cooling system-liner interface. 

The i n i t i a l  s t u d y  employed a r e l a t i v e l y  thick, low con- 
duc t iv i ty  protect ive layer of pyrolytic graphite on the carbon- 
carbon l iner .  Also, the l i n e r  and cooling system were assumed 
t o  be i n  p e r f e c t  con tac t ,  with zero thermal r e s i s t a n c e  across  
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t he  i n t e r f a c e .  I n  t h e  p r e s e n t  s t u d y ,  t h e  c a r b o n - c a r b o n  l i n e r  
w a s  assumed t o  be p r o t e c t e d  by a 0 . 0 2 0 - i n - l a y e r  o f  s i l i c o n  
c a r b i d e  on the combustion gas s i d e ,  and by  a 0.010-in-layer of 
s i l i c o n  carb ide  o n  s u r f a c e s  e x p o s e d  t o  a i r .  T h e  l i n e r  and  
c o o l i n g  sys tem w e r e  assumed t o  be separa ted  b y  a n  a i r  gap ,  
across  which h e a t  f l o w s  by a c o m b i n a t i o n  of  r a d i a t i o n  a n d  
the rma l  c o n d u c t i o n .  A d d i t i o n a l  m o d i f i c a t i o n s  i n c l u d e d  re la -  
t i v e l y  minor changes i n  eng ine  dimensions,  and a more precise 
d e t e r m i n a t i o n  of e q u i l i b r i u m  t empera tu re  on the e x t e r n a l  rad- 
i a t i n g  s u r f a c e .  

ENGINE CONFIGURATION AND D I M E N S I O N S  

T h e  e n g i n e  c o n f i g u r a t i o n  u s e d  a s  t h e  bas i s  f o r  t h e  s t u d y  
is shown i n  F i g u r e  4. The c o m b u s t i o n  chamber r a d i u s  v a r i e s  
f r o m  4.5 i n .  t o  5.0 i n .  o v e r  i t s  l e n g t h  of 84.0 i n .  T h e  o u t e r  
r a d i u s  i s  15.5 i n .  T h e  s k i n  t h i c k n e s s  i s  0.060 i n . ,  and  i s  
u n d e r l a i n  b y  a 0.34-in. l a y e r  of M I N - K  t h e r m a l  i n s u l a t i o n .  
Whena r a d i a t i v e h e a t s i n k  i s  u s e d ,  t h e  s k i n a n d  i n s u l a t i o n a r e  
d i s p l a c e d  f r o m  t h e  p o r t i o n  of t h e  s u r f a c e  o c c u p i e d  by the  
radiator.  A nominal t h i c k n e s s  of 1.0 in .  around the combustion 
chamber i s  a l l o w e d  for  the l i n e r  and heat pipe c o o l i n g  system. 
The 20 d e g r e e  (10 degree  h a l f - a n g l e )  exhaus t  n o z z l e  i s  59.6 in .  
3 Ong . 

Figclre 4 .  Engine Configuration and Dimensions 

O n l y  t h e  c o m b u s t i o n  chamber l i n e r  i s  t o  be cooled  b y  t h e  
h e a t  pipe c o o l i n g  sys tem.  I n  o n e  d e s i g n  o p t i o n  e m p l o y i n g  a 
r a d i a t i v e  heat s i n k ,  the c o o l i n g  system s t r u c t u r e  w a s  extended 
through the  n o z z l e  and t h e n  o n t o  the e x t e r n a l  s u r f a c e .  I n  t h a t  
i n s t a n c e ,  the  n o z z l e  w a s  assumed t o  be uncooled ,  w i t h  no addi -  
t i o n a l  h e a t  load b e i n g  c o n t r i b u t e d  t o  t h e  h e a t  p ipe  c o o l i n g  
system. 

FLIGHT TRAJECTORY CHARACTERISTICS 

Characteristics of the f l i g h t  t r a j e c t o r y  used as  the basis 
for  the s t u d y  are g i v e n  i n  Table A 1  of Appendix A. I n fo rma t ion  
i s  g i v e n  on a l t i t u d e ,  Mach number, and atmospheric p r e s s u r e  as 
a f u n c t i o n  of t i m e ,  a n d  o n  t h e  a v e r a g e  l i n e r  h e a t  f l u x  a s  a 
f u n c t i o n  of t i m e  and l i n e r  tempera ture .  The t o t a l  f l i g h t  t i m e  
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i s  358 sec  (rounded t o  360 sec ) .  The t r a n s i e n t  t i m e  required 
t o  approach the cruising a l t i t u d e  of 94,000 f t  i s  about 7 2  sec. 

From t h e  d a t a  i n  Table A l ,  t h e  v e h i c l e  a c c e l e r a t i o n  and 
the f l i g h t  path angle can be determined. The engine accelera- 
t ion and component of gravi ty  p a r a l l e l  t o  the engine axis  were 
determined by assuming the  engine ax i s  co inc ident  with the  
f l i g h t  path angle. Both the engine acceleration and the com- 
ponent of grav i ty  along the engine axis  have the same ef fec t  on 
t h e  hea t  p ipe  l i q u i d ,  a c t i n g  t o  force  the  l i q u i d  t o  t h e  r e a r  
and increase the s t a t i c  head over the l iquid length. I n  Figure 
5, the t o t a l  ax ia l  acceleration due t o  both engine acceleration 
and gravi ty  i s  shown as  a function of dimensionless time (time 
i n  sec/360).  The peak a x i a l  a c c e l e r a t i o n  of 2.62 g ' s  i s  seen 
t o  occur a t  28 sec.  

COMBUSTOR PRESSURE 

Deta i led  t r a j e c t o r y  da ta  on combustor pressure  was not 
a v a i l a b l e .  For purposes of a n a l y s i s ,  t he  combustor pressure  
was assumed t o  vary l i nea r ly  with time over the climb t rans ien t  
from 350 p s i a  t o  14.7 ps i a ,  and remain cons tan t  t h e r e a f t e r .  A 
p l o t  of combustor pressure versus dimensionless time i s  shown 
i n  F i g u r e  6. 

E Q U I L I B R I U M  AND RECOVERY TEMPERATURES - ON EXTERNAL E N G I N E  
SURFACE 

- --- -- 

Prediction of rad ia t ive  heat t ransfer  from the surface of 
t he  e x t e r n a l  r a d i a t o r  (when one is used) r equ i r e s  t h a t  t h e  
radiation equilibrium temperature and the recovery temperature 
be known. The recovery temperature is t he  temperature i n  t he  
a i r  stream boundary l a y e r  next t o  the  e x t e r n a l  wall.. The 
radiation equilibrium temperature is  the temperature assumed by 
an insulated wal l  surface when heat i s  being radiated from the 
surface at t h e  same r a t e  a s  t h e  inc ident  aerodynamic hea t ing  
ra te .  

From Appendix B, the recovery temperature was calculated 
from the equation 

where Tr = recovery temperature, R 
Ts = s t a t i c  a i r  temperature, R 
y = r a t i o  of specif ic  heats a t  constant pressure and 

r = recovery factor = Pr1/3 for  turbulent flow ( 3 )  
P r  = Prandtl number 
M = Mach number 

constant volume 
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Figure 5. Axial Acceleration Versus Dimensionless Flight Time 
(Includes Gravity Component Along Axis) 

F o r  a i r ,  y = 1.4 a n d  P r  ( e v a l u a t e d  a t  a mean t e m p e r a t u r e  
of 1880°F) = 0.722. It follows t h a t  r = 0.90. 

12 



0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 

TIME, SEC/360 

Figure  6. V a r i a t i o n  o f  Combustor Pressure w i t h  Dimensionless Time 

The r e c o v e r y  tempera ture  w a s  c a l c u l a t e d  as a f u n c t i o n  of 
mis s ion  t i m e  f r o m  the t r a j e c t o r y  data i n  Appendix A. 

T h e  r a d i a t i o n  e q u i l i b r i u m  t e m p e r a t u r e  w a s  o b t a i n e d  a s  a 
f u n c t i o n  o f  f l i g h t  t i m e  u s i n g  d a t a  p r e s e n t e d  i n  Table  1.2 of 
R e f e r e n c e  4. T h e  d a t a  u s e d  a p p l i e s  t o  t u r b u l e n t  f l o w  a t  a 
d i s t a n c e  of 2 f t  from t h e  s u r f a c e  of a flat p l a t e  a t  an a n g l e  
of a t t a c k  of  0 deg.  T h e  s u r f a c e  e m i s s i v i t y  w a s  t a k e n  t o  be 
0.8. 

T h e  r e c o v e r y  t e m p e r a t u r e  and r a d i a t i o n  e q u i l i b r i u m  t e m -  
p e r a t u r e  a r e  p l o t t e d  a g a i n s t  t h e  d i m e n s i o n l e s s  t i m e  i n  F i g -  
u r e  7. 

COMBUSTOR L I N E R  HEAT FLUX -- 
Curves w e r e  f i t t e d  t o  the combustor l i n e r  heat f l u x  data 

g i v e n  i n  Table  A 1  of  Appendix A. Two se t s  of c u r v e s  w e r e  
prepared: T h e  i n i t i a l  s e t ,  te rmed C a s e  A,  w a s  u s e d  t o  es tab-  
l i s h  t h e  s t e a d y - s t a t e  l i n e r  h e a t  f l u x ,  and t o  e s t i m a t e  t h e  
t o t a l  heat load t o  be removed from the l i n e r  d u r i n g  a mission.  
The second set ,  termed C a s e  B, matched t h e  l i n e r  h e a t  f l u x  d a t a  
more c l o s e l y  and w a s  used i n  the t r a n s i e n t  a n a l y s i s  of c o o l i n g  
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system tempera tures .  The e q u a t i o n s  f o r  C a s e s  A and B are g i v e n  
b e l o w .  

C a s e  A - -  

go = (1038  - 4406r)  - (0.428 - 3.10r)T0 ; 0 S ~ I 0 . 1 0  

qo = (1038  - 4 4 0 6 ~ )  - (0.193 - 0.767r)T0 ;0.10<r10.20 

go = 120 - 0.0272T0 ;0.20<rS 1.00 

C a s e  B - -  

s, = (1040 - 2545r - 1 4 , 7 0 0 ~ ~ )  
- (0.427 - 2 . 8 1 8 r ) T 0  ;OSrSO.lO 

q, = (1811 - 1 5 , 7 8 0 ~  + 4 0 , 6 1 0 r 2 )  - (0.468 - 4 . 3 6 ~  + 11.53r2)T0 ;O.lO<rS0.20 

go = 125.9 - 0.029311, ;0.20<r<_ 1.00 

and r i s  the d imens ion le s s  t i m e  ( t i m e  i n  sec/360 sec). 
I n  the above equa t ions ,  To i s  the l i n e r  tempera ture  i n  

T h e  c o m b u s t o r  l i n e r  h e a t  f l u x  i s  p l o t t e d  a g a i n s t  dimen- 
s i o n l e s s  t i m e  for v a r i o u s  l i n e r  tempera tures  i n  F i g u r e  8, u s i n g  
e q u a t i o n  s e t s  A and  B. I n  F i g u r e  9, t h e  more a c c u r a t e  C a s e  B 
e q u a t i o n s  are  p l o t t e d  a l o n g  w i t h  the Table A 1  d a t a .  I t  can  be 
s e e n  t h a t  t h e  h e a t  f l u x  a t  a g i v e n  t i m e  decreases w i t h  i n -  
c r e a s i n g  l i n e r  temperature .  Also, a t  the h i g h e r  l i n e r  t e m p e r a -  
t u r e s ,  t h e  h e a t  f l u x  i s  zero  u n t i l  some f i n i t e  d i m e n s i o n l e s s  
t i m e  r < O . l O  has e lapsed .  

T h e  d i m e n s i o n l e s s  t i m e  ro a t  w h i c h  t h e  l i n e r  h e a t  f l u x  is 
zero  c a n  be found by  s e t t i n g  E q u a t i o n s  (2) and ( 5 )  e q u a l  t o  
zero and s o l v i n g  f o r  r o  E T . When the heat  f l u x  i s  i n t e g r a t e d  
o v e r  t i m e  t o  o b t a i n  t h e  t o t a l  h e a t  load c o r r e s p o n d i n g  t o  a 
g i v e n  l i n e r  t e m p e r a t u r e ,  r o  i s  u s e d  a s  t h e  lower  i n t e g r a t i o n  
l i m i t .  I n  F i g u r e  10 ,  ‘c0 i s  p l o t t e d  a g a i n s t  t h e  r e c o v e r y  t e m -  
p e r a t u r e  To f o r  Cases A and B. 

A v a l u e  of zero f o r t h e  l i n e r h e a t  f l u x  s i g n i f i e s  t h a t  t h e  
e f f e c t i v e  r e c o v e r y  tempera ture  o f  the combustion g a s  i s  e q u a l  
t o  t h e  l i n e r  t e m p e r a t u r e .  Thus,  F i g u r e  10  a l s o  shows h o w  t h e  
combustor r e c o v e r y  temperature v a r i e s  w i t h  the d imens ion le s s  
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Figure 8. Liner Heat Flux from Case A and B Equations 

elapsed time. For Case A, the combustor recovery temperature 
i s  2425°F a t  T = 0,  and 3500°F a t  T = 0.0714. 

MATERIALS 

The combustor l i n e r  i s  f ab r i ca t ed  from carbon-carbon 
coated w i t h  s i l i c o n  carbide.  The h e a t  pipe coo l ing  system i s  
fabricated from TZM molybdenum, w i t h  a W-3 (molybdenum d i s i l i -  
c i d e )  coa t ing  on su r faces  exposed t o  a i r .  The h e a t  pipe and 
h e a t  s i n k  f l u i d s  a r e  both l i t h i u m .  Heat t r a n s f e r  from the  
coo l ing  system t o  surrounding f u e l  i s  l i m i t e d  by thermal i n -  
s u l a t i o n .  F o r  temperatures up t o  2000"F, MIN-K i s  used: f o r  
temperatures above 2000"F, ZIRCAR (zirconium oxide)  i s  used. 
The fue l  tank was assumed t o  be fabricated from titanium. The 
f u e l  was assumed t o  be Shel ldyne H. 

Thermophysical properties of these materials a r e  given i n  
Appendix C. 
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Figure 10. Liner Temperature Versus Dimensionless Time 
When Liner Heat Flux Is Zero (See Figure 8) 

ANALYSIS O F  CANDIDATE COOLING SYSTEMS 

Characteristics of the c a n d i d a t e  c o o l i n g  systems h a v i n g  a 
s i g n i f i c a n t  i n f l u e n c e  on i n t e g r a b i l i t y  w i t h  a scram j e t  engine  
w e r e  determined,  based on s t e a d y - s t a t e  c r u i s e  c o n d i t i o n s .  In- 
c l u d e d  were: c o o l i n g  system w e i g h t ,  vo lume ,  d i m e n s i o n s ,  and  
c o n f i g u r a t i o n .  

C e r t a i n  dimensions a r r i v e d  a t  f r o m  the s t u d y  summarized i n  
Appendix A w e r e  r e t a i n e d  i n  the c u r r e n t  a n a l y s i s ,  i n c l u d i n g  the 
vapor  space t h i c k n e s s ,  heat pipe w i c k  t h i c k n e s s ,  and the thick-  
n e s s  of  t he  s t r u c t u r a l  w a l l s  a n d  ribs. T h e  p r i n c i p a l  d e s i g n  
parameters t o  be c a l c u l a t e d  inc luded :  system o p e r a t i n g  tempera- 
t u r e ,  t h e  s p a c i n g  be tween  s t r u c t u r a l  ribs, t h e  a d d i t i o n a l  
amount of l i t h i u m  or s t r u c t u r e  r e q u i r e d  t o  absorb the combustor 
l i n e r  h e a t  load ,  t h e  area of t h e  hea t  p ipe  r a d i a t o r  (when 
u s e d ) ,  t h e  number and  s i z e  of l i t h i u m  d i s c h a r g e  n o z z l e s  (when 
used) ,  and thermal i n s u l a t i o n  requirements .  
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System t e m p e r a t u r e s  w e r e  c a l c u l a t e d  fo r  s t e a d y - s t a t e  
c r u i s e  c o n d i t i o n s ,  u s i n g  l i n e r  hea t  f l u x e s  g i v e n  b y  E q u a t i o n  
( 4 ) .  T h e  t r a n s i e n t  and t o t a l  h e a t  l oads  w e r e  c a l c u l a t e d  b y  
i n t e g r a t i n g  the  l i n e r  heat f l u x  c u r v e s  o v e r  the t r a n s i e n t  and 
t o t a l  m i s s i o n  t i m e s  f o r  a s p e c i f i e d  l i n e r  t e m p e r a t u r e ,  u s i n g  
C a s e  A e q u a t i o n s  (2 ) ,  3 ) ,  and ( 4 ) ,  and t h e n  m u l t i p l y i n g  by the 
l i n e r  area of 17.41 f t  . I n t e g r a t i o n  s tar ted a t  the dimension- 
less t i m e  T~ g i v e n  by C a s e  A of F igure  10. 

H e a t  t r a n s p o r t  l i m i t s  w e r e  n o t  c a l c u l a t e d ,  s i n c e  the vapor  
space and  w i c k  d i m e n s i o n s  d e t e r m i n e d  f r o m  t h e  h e a t  p ipe  h e a t  
t r a n s p o r t  l i m i t  c o n s i d e r a t i o n s  i n  the ea r l i e r  s t u d y  w e r e  deemed 
a d e q u a t e .  H e a t  p ipe h e a t  t r a n s p o r t  l i m i t s  w e r e  c o n s i d e r e d ,  
however, i n  the subsequent  concep tua l  d e s i g n  task.  

!2 

CONCEPT C-7 

Concept C-7 u t i l i z e s  the s e n s i b l e  thermal c a p a c i t y  of the 
hea t  pipe,  t h e  c a r b o n - c a r b o n  l i n e r ,  and  a s e c o n d a r y  c a r b o n -  
c a r b o n  s t r u c t u r e  t o  absorb t h e  t r a n s i e n t  hea t  l oad ,  and  a n  
e x t e r n a l  heat pipe radiator t o  d iss ipa te  the s t e a d y - s t a t e  heat 
load. The heat pipe i s  the same as  used i n  the p r e v i o u s  s tudy ,  
and i ts  c r o s s - s e c t i o n  i s  shown i n  F igu re  11. 

In 
0 

0 

7 

0.015 ' 7 7  
0 

I 0 

0 

Figure 11. Heat Pipe Cross-Section 
for Concept C-7 

T h e  o v e r a l l  t h i c k n e s s  i s  0.211 in . ,  a n d  i n c l u d e s  a 0.050 
i n .  t w o - l a y e r  w i c k  and  a 0.131 i n .  v a p o r  space. T h e  v a p o r  
space w i d t h  W v  i s  t o  be d e t e r m i n e d .  T h e  h e a t  pipe i s  i n t e -  
g r a t e d  w i t h  the l i n e r  as  shown i n  F igure  12. G a s  gaps separate 
the heat pipe from the carbon-carbon l i n e r  and f r o m  a secondary 
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Figure 12. Cooling System Conf igurat ion f o r  Concept C-7 

carbon-carbon layer. The carbon-carbon l ine r ,  of thickness xl,  
i s  coated with 0.020 i n .  of s i l i c o n  carb ide  (Sic) on t h e  com- 
bus t ion  gas s i d e  and 0.010 i n .  of Sic on t h e  gas gap s ide .  The 
secondary carbon-carbon layer,  of thickness x2, is  coated with 
0.005 in .  of Sic on each side. Thermal insulat ion borders the 
secondary layer  on i ts  outer surface. 

The T Z M  h e a t  pipe extends beyond t h e  combustor t o  the  
engine exter ior ,  where it serves as  the heat diss ipat ion radia- 
t o r .  Ex te r io r  TZM su r faces  a r e  coated with a t h i n  (0.003 i n . )  
layer of molybdenum d i s i l i c i d e .  The carbon-carbon thicknesses 
x1 and x2  a r e  t o  be determined. The thickness of the f i r s t  gas 
gap corresponds t o  the  d i f f e r e n c e  i n  r ad ius  which develops 
between t h e  l i n e r  and the  h e a t  pipe when heated from 90°F t o  
3000OF. The th i ckness  of t h e  second gas gap was taken t o  be 
approximately the same as tha t  of the f i r s t  gap. 

Design Options 

Two design options were i n i t i a l l y  considered for  concept 
C-7. I n  Option A,  t h e  carbon-carbon l i n e r  and T Z M  h e a t  pipe 
" f l o a t " ;  t h a t  i s ,  they a r e  exposed t o  combustion gas pressure  
on both sides. Hence, neither the l i n e r  nor the heat pipe are 
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required t o  withstand t h e  high hoop s t r e s s  a s soc ia t ed  w i t h  
containment of  t h e  combustion gas. Instead,  t h e  containment 
func t ion  i s  provided by t h e  second carbon-carbon l a y e r  of 
thickness x2. 

I n  Option B, the l i n e r  ac ts  as  the pressure vesse l ,  w i t h -  
standing the hoop s t r e s s  imposed by the pressurized combustion 
gas. The gaps on e i t h e r  s i d e  of t h e  h e a t  pipe a r e  then a t  
atmospheric pressure, so t ha t  again there i s  no pressure d i f f -  
e r e n t i a l  ac ross  the  h e a t  pipe th ickness  t o  produce a hoop 
s t r e s s .  Layer x 2  s e r v e s  no s t r u c t u r a l  func t ion  i n  Option B, 
b u t  i s  included t o  augment t h e  thermal capac i ty  of t h e  engine 
s t ructure .  

Although t h e  h e a t  pipe i s  not subjected t o  a hoop s t r e s s  
i n  e i t h e r  op t ion ,  a pressure  d i f f e r e n t i a l  w i l l  e x i s t  between 
the heat pipe in t e r io r  and exterior.  Therefore, the heat pipe 
wal l s  w i l l  be subjected t o  bending s t r e s s  for  both options. 

Provis ion  m u s t  be made f o r  h e a t  pipe access  t o  the  e x -  
t e r i o r  sur face .  The most d i r e c t  path i s  r a d i a l l y  through t h e  
engine mid-section. A n  a l t e r n a t e  path,  which does not  impact 
t h e  engine i n t e r i o r  s t r u c t u r a l  design,  would r u n  through t h e  
engine exhaust nozzle and then t o  the exterior.  Since prelim- 
inary analysis  showed an increase i n  heat pipe weight of about 
50% f o r  access  t o  t h e  engine e x t e r i o r  v i a  t h e  exhaust nozzle  
compared t o  access via  the engine mid-section, only mid-section 
access was considered further. 

Coolinu System Heat Transfer 

The basic c r i t e r ion  followed i n  establishing the operating 
temperature of t h e  h e a t  pipe coo l ing  system was t h a t  t h e  
s t eady- s t a t e  l i n e r  temperature not  exceed 3500'F. The h e a t  
pipe temperature i s  equal  t o  t h e  l i n e r  temperature m i n u s  t h e  
temperature drop across the l i n e r  and the gas gap. I n i t i a l l y ,  
the factors  affect ing heat t ransfer  across the gas gap, and the 
assoc ia t ed  temperature drops were considered. Then, t h e  e f -  
f ec t s  of l i n e r  design parameters on operating temperature w e r e  
analyzed. The gas i n  the gap was assumed t o  be a i r .  

A i r  Gap Heat Transfer - Heat t ransfer  across the a i r  gap occurs 
by a combination of r a d i a t i o n  and conduction, and i s  given by 
the equation 

where q5 = incident l i n e r  heat f l u x  
E = emissivity on each side of a i r  gap 
6 = a i r  gap thickness 
kg = mean thermal conductivity of a i r  i n  gap 
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T5 = a b s o l u t e  tempera ture  on l i n e r  s i d e  of gap 
T6 = a b s o l u t e  tempera ture  on heat pipe s i d e  o f  gap 
u = u n i v e r s a l  r a d i a t i o n  c o n s t a n t  

= 0 . 4 7 6 ~ 1 0 - l ~  Btu/f t2-sec-R 4 

I n  F igu re  13, the tempera ture  on the cooler s i d e  of a n  a i r  
g a p  (i.e.,  t h e  h e a t  pipe t e m p e r a t u r e )  i s  p l o t t e d  a s  a f u n c t i o n  
o f  hot s i d e  t empera tu re  (i.e., the tempera ture  on the cool s i d e  
of the l i n e r )  and gap th i ckness .  The l i n e r  heat f l u x  i s  f i x e d  
a t  24.8 B t u / f t 2 - s e c ,  c o r r e s p o n d i n g  t o  a l i n e r  t e m p e r a t u r e  of  
3500OF. T h e  e m i s s i v i t y  of t h e  s u r f a c e s  o n  b o t h  s i d e s  of the  
g a p  i s  0.8. The l i n e r  t h i c k n e s s  v a r i e s  w i t h  t h e  h o t  s i d e  
tempera ture  here i n  order t o  m a i n t a i n  the l i n e r  t empera tu re  and 
heat f l u x  c o n s t a n t .  

A t  a g i v e n  hot s ide tempera ture ,  the cold s i d e  t empera tu re  
v a r i e s  o v e r  a r a n g e  d e f i n e d  by g a p  t h i c k n e s s e s  o f  zero  and  
i n f i n i t y .  A g a p  t h i c k n e s s  of  z e r o  s i g n i f i e s  z e r o  t h e r m a l  
r e s i s t a n c e  be tween  t h e  s u r f a c e s ,  and  t h e  c o l d  a n d  h o t  s i d e  
tempera tures  are i d e n t i c a l .  A gap  t h i c k n e s s  of i n f i n i t y  s i g n i -  
f ies maximum thermal r e s i s t a n c e  between the s u r f a c e s ,  w i t h  heat 
t r a n s f e r  s o l e l y  by r a d i a t i o n .  The c o l d  s i d e  tempera ture  i s  t h e n  
at a minimum. 

The e f f e c t i v e  gap wid th  between t w o  s u r f a c e s  i n  c o n t a c t  a t  
zero p r e s s u r e  w i t h  s u r f a c e  f i n i s h e s  i n  t he  1 0  t o  4 0  m i c r o i n c h  
r a n g e  l i e s  a p p r o x i m a t e l y  b e t w e e n  0.0001 i n .  and  0.001 i n .  ( 5 ) .  
Conduction heat t r a n s f e r  dominates  i n  t h i s  gap  t h i c k n e s s  range,  
and  the  c o l d  s ide  t e m p e r a t u r e  i s  a t  most 100°F  l o w e r  t h a n  the  
hot s i d e  temperature .  

I f  the carbon-carbon l i n e r  and TZM heat pipe are  i n i t i a l l y  
i n  c o n t a c t  a t  room tempera ture  and a l l o w e d  t o  expand f r e e l y  as 
the tempera ture  rises t o  o p e r a t i n g  l e v e l s ,  a gap of 0.0325 in .  
d e v e l o p s .  R a d i a t i o n  h e a t  t r a n s f e r  d o m i n a t e s  fo r  g a p  t h i c k -  
n e s s e s  of t h i s  m a g n i t u d e  o r  l a r g e r .  T h e  c o l d  s i d e  t e m p e r a t u r e  
is  then  a t  m o s t  around 100°F hot te r  t h a n  the t empera tu re  which 
would be a t t a i n e d  for a gap  t h i c k n e s s  of i n f i n i t y  (i.e., r a d i a -  
t i o n  heat t r a n s f e r  o n l y ) .  

Even when r a d i a t i o n  i s  t h e  d o m i n a n t  h e a t  t r a n s f e r  mode, 
the c o l d  s i d e  tempera ture  i s  o n l y  a few hundred d e g r e e s  below 
tha t  of the hot s i d e .  Consider  a hot s i d e  t empera tu re  of 3100 
OF. I f  t h e  t w o  s u r f a c e s  h a v e  a 4 0  m i c r o i n c h  f i n i s h  and  a r e  i n  
c o n t a c t ,  t h e  c o l d  s i d e  t e m p e r a t u r e  i s  3000OF. I f  the  g a p  
t h i c k n e s s  is  0.0325 in. ,  the  c o l d  s i d e  tempera ture  i s  2635OF. 

T h e  e f f e c t i v e n e s s  of c o n d u c t i v e  hea t  t r a n s f e r  across a 
s m a l l  a i r  gap i s  dependent  on  the a i r  behaving  as a continuum. 
This c o n d i t i o n  i s  g e n e r a l l y  s a t i s f i e d  i f  the gap  t h i c k n e s s  6 i s  
50 t o  1 0 0  t i m e s  l a r g e r  t h a n  t h e  mean f r e e  pa th  h of  t h e  a i r .  
For a i r  a t  14.7 p s i a  and 2600"F,  t h e  mean f r e e  p a t h ,  a s  c a l c u -  
l a t e d  f r o m  Equat ion  (36)  of Reference 6 i n  con junc t ion  w i t h  a i r  
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Figure 13. Surface TemDerature Due to Heat Transfer Across Air Gap 
By Radiation and Conduction 

d e n s i t y  d a t a ,  i s  1 . 9 3 ~ 1 0 - ~  i n .  T h e  r a t i o  6/X f o r  t h e  0.0325 
in .  gap i s  t h e n  1684, a s s u r i n g  continuum heat t r a n s f e r .  

However,  t h e  r a t i o  6/A i s  p r o p o r t i o n a l  t o  p r e s s u r e .  A t  
c r u i s i n g  a l t i t u d e ,  where the a tmospher ic  p r e s s u r e  i s  0.21 psia, 
t h e  r a t i o  6/X d r o p s  t o  24, i n d i c a t i n g  t h a t  h e a t  t r a n s f e r  i s  
m o r e  c h a r a c t e r i s t i c  o f  t he  t r a n s i t i o n a l  r e g i o n  be tween  f ree  
m o l e c u l a r  a n d  con t inuum f l o w .  T h e  l i n e r  t e m p e r a t u r e  f o r  a 
g i v e n  h e a t  pipe t e m p e r a t u r e  may t h e n  be s o m e w h a t  h i g h e r  t h a n  
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given hea t  pipe temperature may then be somewhat higher  than 
predic ted  on t h e  b a s i s  of continuum conductive h e a t  t r a n s f e r  
across the a i r  gap. 

Operating Temperature - The heat pipe operating temperature i s  
equal t o  the l i n e r  temperature l e s s  the sum of the temperature 
drops across the l i n e r  and the gas gap. The temperature across 
the l i n e r  thickness can be found from: 

yqo 

kl 
T -T5 = - 
0 ( 9 )  

where q, = l i n e r  heat flux 
y = l i ne r  thickness 
kl = l i n e r  mean thermal conductivity (carbon- 

carbon) 
To = l i ne r  temperature on hot side 
T5 = l i n e r  temperature on cold side 

Since t h e  thermal c o n d u c t i v i t i e s  of carbon-carbon and 
silicon-carbide a re  s imi la r  a t  elevated temperatures, the ther- 
mal conduc t iv i ty  of carbon-carbon was used t o  r ep resen t  t h e  
conductivity of the en t i r e  l i ne r .  

The heat pipe/radiator temperature T6 was then found from 
Equation (8). The radiator area required t o  diss ipate  the heat 
transferred t o  the l i n e r  was calculated from Equations (B6) and 
( B 8 )  of Appendix B. I n  c a l c u l a t i n g  t h e  h e a t  p i p e / r a d i a t o r  
temperature and the  r a d i a t o r  a r ea ,  a i r  was assumed t o  be t h e  
gap gas, and the following values were used. (See Figure 7.) 

E m i s s i v i t y  = 0.8 (gap surfaces and radiator surface) 
Radiator equilibrium temperature = 1130°F 
Recovery temperature yn radiator surface = 2472°F 
Liner area = 17.41 f t  

I n  Figure 14, the heat pipe/radiator temperature and r a t i o  
of radiator area t o  l i n e r  area a re  shown as  functions of l i n e r  
t e m p e r a t u r e  and l i n e r  t h i c k n e s s .  G e n e r a l l y ,  t h e  h e a t  
pipe/radiator temperature should be a s  high as  i s  feas ib le  t o  
maximize t h e  s e n s i b l e  thermal capac i ty  per  u n i t  mass and t h e  
radiator heat flux. Offsetting these advantages of high opera- 
t i n g  temperature a r e  t h e  decreas ing  s t r e n g t h  of t h e  T Z M  con- 
tainment and the increasing vapor pressure of the lithium heat 
pipe/heat s i n k  f lu id .  

For purposes of analysis ,  a heat pipe/radiator temperature 
of 2800°F was selected. The associated lithium vapor pressure 
i s  52.93 p s i a .  The 2800°F temperature i s  not n e c e s s a r i l y  an 
optimum v a l u e ,  but  provides  a common b a s i s  f o r  comparison of 
the various candidate cooling concepts which u t i l i z e  a carbon- 
carbon l iner .  
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Figure 14. Radiator Temperature and Area for Cooling Concept C-7 

F o r  O p t i o n  A, t h e  f l o a t i n g  l i n e r ,  a l i n e r  t h i c k n e s s  of 
0.095 i n .  ( i n c l u d i n g  the Sic c o a t i n g s )  w a s  s e l e c t e d .  Although 
n o t  s u b j e c t  t o  hoop stress, the Option A l i n e r  s h o u l d  nonethe- 
l ess  h a v e  a d e q u a t e  t h i c k n e s s  t o  p r o v i d e  a r e a s o n a b l y  s t i f f ,  
v i b r a t i o n - r e s i s t a n t  s t r u c t u r e .  For  O p t i o n  B, t h e  s t r u c t u r a l  
l i n e r ,  a l i n e r  t h i c k n e s s  of 0.150 in .  ( i n c l u d i n g  the Sic coat- 
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ings)  was s e l e c t e d .  The Option B l i n e r  th ickness  i s  adequate 
to  withstand the hoop stress imposed by the combustion gas, as  
w i l l  be indicated below. 

Characteristic 

Heat Pipe/Radiator Temperature, F 

Liner Thickness, in. 
Liner Temperature, F 

Heat d i s s i p a t i o n  c h a r a c t e r i s t i c s  corresponding t o  the  
s e l e c t e d  temperature and l i n e r  th icknesses  a r e  g iven  i n  
Table I *  

Option A 

Floating Liner 

2800 

0.095 
341 9 

Table 1. Heat Dissipation Characteristics for Concept C-7 

Radiator Area, ft2 
Transient Heat Load, Btu 
Total Heat Load, Btu 

10.97 

86,500 

218,100 

Option B 

Structural Liner 

2800 

0.150 

3472 

25.5 
10.36 

84,600 

21 0,000 

The heat loads shown i n  Table 1 were found by integrating 
Case A Equations (2), ( 3 ) ,  and ( 4 )  from T = T~ t o  T = 0.20 f o r  
t he  t r a n s i e n t  hea t  load ,  and from T = T~ t o  T = 1.00 f o r  t he  
t o t a l  h e a t  load ,  i n  each case  mul t ip ly ing  by t h e  l i n e r  a rea .  
The dimensionless  t i m e  'c0 was found from Figure 10. I t  was 
assumed i n  t h e  i n t e g r a t i o n s  t h a t  betweenT = 0 and - r = ' c 0  t h e  
l i n e r  temperature i s  equal  t o  the  combustion gas recovery 
temperature, resu l t ing  i n  zero net heat f lux  and zero contribu- 
t ion  t o  the heat load during t h i s  in te rva l .  

- R i b  Spacing 

The pressure  d i f f e rence  between the  gas which surrounds 
t h e  h e a t  pipe and t h e  h e a t  p ipe  vapor pressure  w i l l  produce 
bending s t r e s s e s  i n  t he  h e a t  pipe w a l l s  and t e n s i l e  o r  com- 
p r e s s i v e  s t r e s s e s  i n  t h e  h e a t  p ipe  ribs.  The spacing W v  be- 
tween h e a t  pipe r i b s  ( see  Figure l l )  m u s t  be s e l e c t e d  so t h a t  
t h e  a l lowab le  s t r e s s  i s  not exceeded i n  t h e  w a l l s  o r  ribs. 
From Equations ( 1 7 )  and ( 1 9 )  of Reference (6), t he  r i b  spacing 
W v  can be expressed as 

For wal l  bending: wv = (LEm - l)tw 
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For r i b  compression o r  tension: Wv = (s/AP - l)tw 

where tw = wall and r i b  thickness 
s = allowable s t r e s s  
AP = difference between external pressure and heat 

pipe vapor pressure 

As long as  s/AP>2, the allowable r i b  spacing w i l l  be l e s s  
f o r  w a l l  bending than f o r  r i b  compression o r  tens ion .  Since 
s/AP>2 f o r  a l l  condi t ions  of i n t e r e s t  and the  s m a l l e r  r i b  
spacing m u s t  be s e l e c t e d ,  t h e  h e a t  pipe r i b  spacing was found 
from Equation ( 1 0 ) .  The r i b  spacing W, should correspond t o  
t h e  time when t h e  r a t i o  s / A P  i s  a m i n i m u m .  A conse rva t ive  
approach was used t o  es t imate  t h e  time dependence of t h e  h e a t  
pipe temperature on which s and AP are  dependent. 

F i r s t ,  the l i n e r  temperature was assumed t o  vary w i t h  time 
approximately a s  shown i n  Figure 1 0  u n t i l  t h e  s t eady- s t a t e  
cruise temperature was reached, a f t e r  which the l i n e r  tempera- 
tures  remains constant. The heat pipe temperature was assumed 
t o  be about 600°F below the l i n e r  temperature. The allowable 
s t r e s s  was taken t o  be 1 / 2  t h e  mean t e n s i l e  s t r e n g t h  of T Z M  
( 7 ) .  The r a t i o  s /AP could then be c a l c u l a t e d  a s  a func t ion  of 
mission time. 

For t h e  f l o a t i n g  l i n e r  of Option A,  where t h e  h e a t  pipe i s  
surrounded by combustion gas, the m i n i m u m  s / A P  was found t o  be 
59.5 a t  25 sec.  For the  s t r u c t u r a l  l i n e r  of Option B, where 
t h e  h e a t  pipe i s  surrounded by a i r  a t  t h e  pressure  cor res -  
ponding t o  t h e  engine a l t i t u d e ,  t h e  m i n i m u m  s /AP was found t o  
be 208.6 a t  72 sec. From Equation ( l o ) ,  t he  r e s u l t i n g  r i b  
spacings W, are: 

Option A,  Floating Liner W, = 0 .149  i n .  
Option B ,  Structural  Liner W, = 0 .291  i n .  

When the external pressure on the heat pipe wa l l s  exceeds 
the heat pipe vapor pressure, buckling of the r ib s  i s  of poss- 
i b l e  concern. The pressure d i f f e r e n t i a l  required t o  buckle the 
h e a t  pipe r ibs can-be found from Equation ( 2 0 )  of  Reference 
( 6 ) -  

where E = e l a s t i c  modulus of TZM 
tw = r i b  thickness 
H = r i b  height 

For t h e  f l o a t i n g  l i n e r  of Option A, t h e  AP f o r  buckl ing i s  
lowest a t  the heat pipe temperature of 2800°F. For the struc- 
t u r a l  l i n e r  of Option B, t h e  e x t e r n a l  ( a i r )  p ressure  exceeds 
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the heat pipe vapor  tempera ture  o n l y  a t  miss ion  s t a r t u p ,  when 
the  h e a t  pipe t e m p e r a t u r e  i s  assumed t o  be a b o u t  600°F b e l o w  
t he  l i n e r  t e m p e r a t u r e  of 2425"F, o r  a b o u t  1825°F.  T h e  c a l c u -  
l a t e d  b u c k l i n g  p r e s s u r e  d i f f e r e n t i a l  f o r  t h e  t w o  o p t i o n s  is 
shown b e l o w .  

Temperature,"F AP for Buckl ing,  p s i  Maximum AP, ps i  

Option A, 
F l o a t .  L ine r  2425 

Option B, 
S t r u c t .  L ine r  1825 

28,300 349 

65,000 1 2  

I t  i s  c l e a r  t h a t  b u c k l i n g  of  t h e  hea t  pipe ribs i s  n o t  a 
problem for e i ther  opt ion .  

Radia tor  O r i e n t a t i o n  

The combustor heat pipe i s  connected t o  the e x t e r n a l  h e a t  
pipe radiator  v i a  a heat pipe t r a n s i t i o n  s e c t i o n .  The radiator 
may be o r i e n t e d  f o r w a r d  o r  a f t ,  as  i n d i c a t e d  i n  F i g u r e  15. 
W i t h  t h e  forward o r i e n t a t i o n ,  the  heat pipe wick i s  l o c a t e d  on 
t h e  e x t e r i o r  s i d e  of the  r a d i a t o r ,  f a c i l i t a t i n g  t h e  r e t u r n  of 
condensed vapor  v i a  a l i q u i d  f l o w  path o f  minimal  l eng th .  W i t h  
the a f t  o r i e n t a t i o n ,  a n  a d d i t i o n a l  l e n g t h  of wick must be added 
t o  t h e  e x t e r i o r  s i d e  of t h e  r a d i a t o r ,  e i t h e r  d o u b l i n g  t he  
l i q u i d  f l o w  path l e n g t h  i n  the r a d i a t o r  or r e q u i r i n g  the addi-  
t i o n  o f  b r i d g i n g  w i c k s  ( n o t  shown) be tween  the  e x t e r i o r  and  
i n t e r i o r  s i d e s .  

I n  e i t h e r  case,  i f  t he  f l o w  pa ths  t h r o u g h  the  combus to r  
h e a t  pipe,  the  t r a n s i t i o n  s e c t i o n ,  and  t h e  r a d i a t o r  a r e  con-  
t i n u o u s ,  t h e  t w o  r i g h t  a n g l e  b e n d s  w i l l  i n c r e a s e  the  t o t a l  
f r i c t i o n a l  p r e s s u r e  d r o p  i n  t h e  h e a t  pipe f l u i d .  From Refer- 
ence (8),  based on the e q u i v a l e n t  l e n g t h  o f  s t r a i g h t  pipe for a 
90 d e g  bend i n  0.375 i n .  O.D. b rass  t u b i n g  w i t h  a bend  r a d i u s  
e q u a l  t o  t h e  t u b e  r a d i u s ,  i t  w a s  e s t i m a t e d  t h a t  t h e  t w o  r i g h t  
a n g l e  bends w i l l  i n c r e a s e  the  e f f e c t i v e  f r i c t i o n a l  l e n g t h  o f  
the heat pipe s t r u c t u r e  by 19.6 in .  

T h e  p r e f e r r e d  c o n f i g u r a t i o n  f o r  c o n c e p t  C-7 i s  t h e  
forward-facing r a d i a t o r  o r i e n t a t i o n  of F igu re  15. 

Segmented H e a t  Pipe S t r u c t u r e  

As a n  a l t e r n a t i v e  t o  the cont inuous  heat pipe s t r u c t u r e s  
shown i n  F i g u r e  15 ,  t h e  c o m b u s t o r  h e a t  pipe,  t r a n s i t i o n  sec- 
t i o n ,  and radiator heat pipe c o u l d  be f a b r i c a t e d  as  i n d i v i d u a l  
s u b s e c t i o n s  jo ined  t o g e t h e r  a t  o v e r l a p p i n g  j o i n t s .  This proce- 
d u r e  l i m i t s  t h e  maximum f r i c t i o n a l  f l o w  p a t h  l e n g t h  t o  
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t h a t  i n  the  combus to r  s e c t i o n  (84.0 i n . ) ,  t h u s  r e d u c i n g  cap- 
i l  l a r y  pumping r e q u i r e m e n t s .  However,  a s u b s t a n t i a l  w e i g h t  
p e n a l t y  w i l l  accompany t h i s  f a b r i c a t i o n  mode, r e s u l t i n g  f r o m  
the e x t r a  weight  o f  o v e r l a p p i n g  j o i n t s  and a lower tempera ture  
r a d i a t o r .  

For example ,  c o n s i d e r  a n  o v e r l a p p i n g  j o i n t  a t  the combus- 
t o r - t r a n s i t i o n  j u n c t i o n  whose a rea  is  10% of t h e  combus to r  
l i n e r  a rea  (17.41 f t 2 ) .  A s  i n d i c a t e d  i n  F i g u r e  16 ,  the  h e a t  
t r a n s f e r r e d  across  t h i s  j o i n t  w i l l  f l o w  t h r o u g h  t w o  0.015 i n .  
T Z M  w a l l s ,  a 0.050 i n .  w ick ,  a n d ,  m o s t  p r o b a b l y ,  a m i n i m a l  
t h i c k n e s s  wick opposite the pr imary wick. The minimal  t h i c k -  
n e s s  wick ,  assumed t o  h a v e  a t h i c k n e s s  of  0.010 i n . ,  may be 
r e q u i r e d  t o  a s s u r e  the o r d e r l y  r e t u r n  of vapor  w h i c h  condenses  
on  t h e  nonwick s i d e  o f t h e h e a t  pipe s t r u c t u r e d u r i n g t h e  c l i m b  
t r a n s i e n t .  

Assuming t h a t  65% of t h e  wick  volume i s  l i t h i u m  and 35% i s  
TZM, the t empera tu re  d rop  across the ove r l apped  j o i n t  i s  177'F. 
I f  t h i s  w e r e  t h e  o n l y  j o i n t ,  t h e  r a d i a t o r  t e m p e r a t u r e  would  
d r o p  t o  2800 - 177 = 2623"F, r e q u i r i n g  an  i n c r e a s e  i n  radiator 
s ize  and weight  of 24%. Adding t h i s  t o  the 10% weight  i n c r e a s e  
due t o  the  o v e r l a p ,  t o t a l  c o o l i n g  s y s t e m  w e i g h t  would i n c r e a s e  
by 34%. A second comparable j o i n t  a t  the t r a n s i t i o n - r a d i a t o r  
j u n c t i o n  wou ld  f u r t h e r  i n c r e a s e  c o o l i n g  s y s t e m  w e i g h t  b y  a 
comparable p e r c e n t a g e .  A c o n t i n u o u s  h e a t  pipe s t r u c t u r e  i s  
therefore p r e f e r a b l e  t o  one w i t h  o v e r l a p p i n g  j o i n t s .  

P re s su re  Drop Due t o  A c c e l e r a t i o n  -- 
T h e  a c c e l e r a t i o n  which o c c u r s  d u r i n g  the c l i m b  t r a n s i e n t  

p r o d u c e s  a s t a t i c  head i n  t h e  l i q u i d  l i t h i u m  i n  t h e  hea t  pipe 
wick ,  which i s  m a n i f e s t e d  as  a n  a d d i t i o n a l  l i q u i d  p r e s s u r e  
drop. The magnitude of the p r e s s u r e  d rop  APa due t o  accelera- 
t i o n  i s  g i v e n b y  

APa = wlxn 

where w1 = d e n s i t y  of l i q u i d  l i t h i u m  
x = component of l i q u i d  l e n g t h  a l o n g  a c c e l e r a t i o n  

n = number of g ' s  of a c c e l e r a t i o n  
v e c t o r  

T h e  e n g i n e  a c c e l e r a t i o n ,  assumed t o  be p a r a l l e l  t o  the  
e n g i n e  a x i s ,  i s  g i v e n  i n  F i g u r e  5. T h e  component  of g r a v i t y  
p a r a l l e l  t o  t h e  e n g i n e  a c c e l e r a t i o n  a l s o  c o n t r i b u t e s  t o  the  
l i q u i d  p r e s s u r e  d r o p ,  and  h e n c e  has  b e e n  added  t o  t h e  e n g i n e  
a c c e l e r a t i o n .  The a c c e l e r a t i o n  peaks a t  a d imens ion le s s  t i m e  
of 0.078 ( a c t u a l  t i m e  of 2 8  sec)  and has a t o t a l  m a g n i t u d e ,  
i n c l u d i n g  the effect  of g r a v i t y ,  of 2.62 g's .  
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Figure 16. Overlapping Joint at Combustor-Transition Junction 

T h e  m a g n i t u d e  of AP, i s  a l s o  d e p e n d e n t  o n  t h e  h e a t  pipe 
t e m p e r a t u r e  ( s i n c e  t h e  l i t h i u m  d e n s i t y  i s  a f u n c t i o n  of temp- 
e r a t u r e )  and the p o s i t i o n  of the continuum f r o n t  w h i c h  advances 
i n t o  the  u n h e a t e d  p o r t i o n  of t h e  hea t  pipe. S i n c e  the  t i m e  
dependence of tempera ture  and the  continuum f r o n t  p o s i t i o n  are 
n o t  known i n  the steady-state a n a l y s i s ,  the peak p r e s s u r e  drop 
due t o  a c c e l e r a t i o n  cou ld  n o t  be established p r e c i s e l y .  

An estimate o f  the peak APa w a s  made from Equat ion  (13) by 
u s i n g  the peak a c c e l e r a t i o n ,  the l i q u i d  l i thium d e n s i t y  a t  the 
steady-state tempera ture  of 2800°F, and a l i q u i d  column l e n g t h  
e q u a l  t o  the combustor l e n g t h  of 84.0 in .  The r e s u l t i n g  accel- 
e r a t i o n  head w a s  3.24 p s i .  For l i t h i u m  a t  2800°F, it may be 
shown t h a t  a n  e f f e c t i v e  w i c k  pore d i ame te r  of 37 m i c r o n s  i s  
r e q u i r e d  t o  j u s t  o f f se t  t h i s  p r e s s u r e  drop. 

A pore d iameter  of 20 microns,  producing a maximum cap i l l -  
a r y  p r e s s u r e  of 6.02 p s i ,  wou ld  permit a f r i c t i o n a l  p r e s s u r e  
drop of 6.02 - 3.24 = 2.78 p s i  d u e  t o  f l o w  of t h e  h e a t  pipe 
f l u i d .  T h e  e a r l i e r  s t u d y  d e s c r i b e d  i n  Appendix A i n d i c a t e d  
tha t  t h i s  f r i c t i o n a l  p r e s s u r e  drop would be adequate  for heat 
t r a n s p o r t  a t  t h e  s t e a d y - s t a t e  r a t e ,  p r o v i d e d  t h a t  a n  open  
l i q u i d  f l o w  channel  w i t h  no i n t e r n a l  s t r u c t u r e  w a s  used. D e t -  
e r m i n a t i o n  of the  a c t u a l  f r i c t i o n a l  p r e s s u r e  drop a t  peak 
a c c e l e r a t i o n  would r e q u i r e  t ha t  a t r a n s i e n t  thermal a n a l y s i s  be 
performed 

Thickness  of Secondary Carbon-Carbon Layer, 
T h e r m a l  C a p c i t y ,  - and Weight 

T h e  s e c o n d a r y  c a r b o n - c a r b o n  l a y e r  of t h i c k n e s s  x 2  (see 
F igure  121, a c t s  as  the containment  v e s s e l  for the p r e s s u r i z e d  
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combustion gas i n  Option A. The secondary layer a l s o  provides 
the additional sensible  thermal capacity needed t o  absorb the 
t ransient  heat load i n  both Options A and B. 

The th ickness  of t h e  secondary carbon-carbon l a y e r  was 
found from sensible  thermal capacity considerations. The sen- 
s i b l e  thermal capac i ty  i s  def ined a s  t h e  q u a n t i t y  of h e a t  
needed t o  ra i se  the temperature of a given component from 90°F 
t o  i t s  mean steady-state operating temperature. The sensible 
thermal capacity of the secondary carbon-carbon layer was found 
by subtracting the thermal capacity of the other cooling system 
components d u r i n g  the climb t rans ien t  from the t rans ien t  heat 
load given i n  Table 1. Since the sensible thermal capacity i s  
equal t o  t h e  product of s p e c i f i c  h e a t ,  dens i ty ,  temperature 
r i s e ,  and volume, the thickness of the secondary carbon-carbon 
layer can be found i f  i t s  sensible  thermal capacity i s  known. 

The t o t a l  thermal capac i ty  of t h e  o the r  components i s  
equal  t o  t h e  sum of t h e  s e n s i b l e  thermal capac i ty  of t h e  com- 
p l e t e  h e a t  pipe (combustor s e c t i o n ,  t r a n s i t i o n  s e c t i o n ,  and 
radiator section) plus the carbon-carbon l ine r ,  and the heat 
dissipated from the radiator during the t ransient  climb period. 

The l a t t e r  contribution t o  thermal capacity occurs while a 
h o t  continuum f r o n t ,  o r i g i n a t i n g  i n  t h e  combustor s e c t i o n  of 
the heat pipe, moves t o  the end of the radiator. I ts  magnitude 
was est imated by assuming t h a t  t h e  f r o n t ,  a t  a temperature of 
2800"F, requires 36 sec t o  t raverse  the radiator section of the 
h e a t  pipe. O n  t h e  average, 1 / 2  of t h e  r a d i a t o r  i s  func t iona l  
during t h i s  per iod,  which r e s u l t s  i n  a h e a t  d i s s i p a t i o n  of 
approximately 8500 Btu.  

Values of the secondary carbon-carbon layer thickness and 
re la ted  thermal capacity parameters for  Concept C-7 a r e  given 
i n  Table 2. Associated weight data are  given i n  Table 3. 

From Tables  2 and 3 ,  i t  i s  e v i d e n t  t h a t  t h e r e  i s  l i t t l e  
difference i n  the t o t a l  thickness and weight of carbon-carbon 
for the f loa t ing  and s t ruc tu ra l  l iners .  However, the heat pipe 
i s  about 1 4  l b  l i g h t e r  f o r  t h e  s t r u c t u r a l  l i n e r  of Option B, 
primarily because of wider r i b  spacing. 

Hoop Stress  

The t e n s i l e  o r  hoop s t r e s s  experienced by a c y l i n d r i c a l  
s t r u c t u r e  which enc loses  a pressur ized  gas i s ,  from Equation 
( 1 5 )  of Reference (6), 

s = (P/t)AP ( 1 4 )  
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Table 2. Sensible Thermal Capacity Parameters for Concept C-7 

Option A, 
Floating Liner 

I I 
Option B, 
Structural Liner Item 

* 
Heat Pipe 
C-C Liner + 2nd C-C Layer 
Total 

32,100 29,700 
54,400 54,900 
86,500 84,600 

Sensible Thermal Capacity, Btu 

Liner, x1 0.065 
2nd Layer, x2 0.215 
Total 0.280 

0.120 
0.156 
0.276 

* Includes estimated 8500 Btu dissipated by radiation during 

0 Doesn't include thickness of Sic protective coating. 
transient. 

where s = t e n s i l e  stress i n  w a l l  
t = w a l l  t h i c k n e s s  
E = mean w a l l  r a d i u s  
AP = n e t  p r e s s u r e  d i f f e r e n c e  across w a l l  t h i c k n e s s  

T h e  hoop stress w a s  c o n s e r v a t i v e l y  c a l c u l a t e d  fo r  the 
f l o a t i n g  a n d  s t r u c t u r a l  l i n e r s  a c c o r d i n g  t o  the  f o l l o w i n g  
assumptions.  

o AP i s  e q u a l  t o t h e m a x i m u m c o m b u s t o r  g a s  p r e s s u r e o f  
350 psia 

o Only the carbon-carbon i n  the containment  w a l l  resists 
the AP 

Then, f o r  the  f l o a t i n g  l i n e r ,  P = 5.54 i n .  and  t = 0.215 
i n .  f o r  t h e  s e c o n d ,  s t r u c t u r a l  l a y e r ,  and  t he  hoop s t ress  i s  
9020 ps i .  

F o r  t h e  s t r u c t u r a l  l i n e r ,  E = 5.08 i n .  and  t = 0.120 in . ,  
and the hoop stress i s  14,800 psi. 
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I Table 3. Heat Pipe and Carbon-Carbon Weight f o r  Concept C-7, l b  

TZM 

Lithium 

Total  

t I I 

82.8 69.1 

3.0 3 .O 
85.8 72.1 

I tem 

L iner  
2nd Layer 

Tota l  

Option A, 
F l o a t i n g  L i n e r  

18.3 26.6 
37.6 28.3 

55.9 54.9 

Option B, 
S t ruc tura l  L iner  

I I I 

* 
Carbon-Carbon 

Heat Pipe + Carbon-Carbon 

* Includes weight o f  p r o t e c t i v e  S i c  coat jng.  

These maximum hoop s t r e s s  f i g u r e s  may be compared t o  a 
t e n s i l e  s t r e n g t h  of about 32,000 p s i  f o r  ACC-4 carbon-carbon 
(9) .  Thus, the thickness of the s t ruc tu ra l  carbon-carbon mem- 
ber i s  adequate t o  withstand imposed pressure  loads f o r  both 
design options. 

Heat Leakage 

Thermal insulat ion i s  required between the heat pipe cool- 
i n g  system and t h e  engine i n t e r i o r  t o  l i m i t  h e a t  leakage t o  
acceptable l eve l s .  The c r i t e r ion  adopted for  es tabl ishing per- 
mi s s ib l e  h e a t  leakage was t h e  maximum a 1  lowable temperature 
r i s e  i n  the engine fuel  d u r i n g  a mission, which was taken t o  be 
300'F. 
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An a p p r o x i m a t e  a n a l y s i s  t o  d e t e r m i n e  t h e  end-o f - f  l i g h t  
f u e l  tempera ture  as  a f u n c t i o n  of t o t a l  heat l eakage  w a s  con- 
duc ted  acco rd ing  t o  the f o l l o w i n g  assumptions.  

o The f u e l  and f u e l  t ank  h a v e  the same tempera tu re  

o The heat l eakage  ra te  i s  c o n s t a n t  

o The f u e l  consumption ra te  is  c o n s t a n t  

T h e  hea t  l e a k a g e  o v e r  a t i m e  i n c r e m e n t  d t  may t h e n  be 
w r i t t e n  

QO t 
TC C 
- d t  = W f o ( l  - ~ ) c ~ d T  + W c d T  t t  

where Qo = t o t a l  heat leakage  o v e r  f l i g h t  
Tc = f l i g h t  t i m e  
t = elapsed f l i g h t  t i m e  

= i n i t i a l  f u e l  weight  :p = specific heat of f u e l  
Wt = f u e l  t ank  weight  
ct = specific heat of f u e l  t ank  
T = f u e l  and f u e l  t a n k  tempera ture  

L e t t i n g  

U - - 
Tr WfoCf 

w c  t t  
= w- 

Equat ion (15)  may t h e n  be w r i t t e n  i n  the form 

Upon i n t e g r a t i n g  Equat ion (16) between T = 0 and T = 1, 

w h e r e  AT = the f u e l  and f u e l  t ank  tempera ture  rise. 
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AT from Equation ( 1 7 )  was eva lua ted  a s  a func t ion  of t he  
t o t a l  h e a t  load Q ( s ee  T ),  f o r  an i n i t i a l  f u e l  load of 600 l b  
of Shelldyne H an8 a 2 0  1& t i tan ium f u e l  tank. A mean tempera- 
ture  of 200°F was assumed for  determining thermal properties. 
Thermal property data for  these materials a re  given i n  Appendix 
C. Resul t s  a r e  shown i n  Figure 1 7 .  A h e a t  leakage of 12 ,000  
Btu produces a temperature r i s e  of 240°F i n  the fue l ,  an accep- 
t a b l e  figure. Therefore, a heat leakage of 12,000 B t u  was used 
t o  s ize  the thermal insulation. 

I f  Equation ( 1 6 )  i s  i n t e g r a t e d  between T = 0 and T, t h e  
r e s u l t  i s  

AT from Equation (18) i s  p l o t t e d  a s  a func t ion  of  in 
Figure 18 f o r  t h e  600 l b  i n i t i a l  f u e l  weight, t h e  2 0  l b  f u e l  
tank, and a heat leakage of 12,000 Btu .  

Thermal Insulation 

Thermal i n s u l a t i o n  i s  provided around t h e  secondary 
carbon-carbon l a y e r ,  under t h e  r a d i a t o r  h e a t  p ipe  inner  w a l l  
and t h e  engine s k i n ,  and on both s i d e s  of t h e  t r a n s i t i o n  sec- 
tion. The thermal insulat ion model i s  i l l u s t r a t e d  i n  Figures 
19 and 20. 

The heat 
t o t a l  f l i g h t  
was specified 
t u r e s  above 
Properties of 

leakage r a t e  was assumed t o  be constant over the 
time. For temperatures of 2000°F o r  l e s s ,  MIN-K 
as  the thermal insulat ion material. For tempera- 
2000"F,  Z I R C A R  ( z i r c o n i a  f e l t )  was spec i f i ed .  
these materials a re  given i n  Appendix C. 

The o b j e c t i v e  of t h e  thermal i n s u l a t i o n  a n a l y s i s  was t o  
determine the thicknesses of MIN-K and ZIRCAR required t o  l i m i t  
t h e  t o t a l  h e a t  leakage t o  a s p e c i f i e d  l e v e l .  The a l l o w a b l e  
hea t  leakages Qi from t h e  i n t e r i o r  and Qo from t h e  e x t e r i o r  
were specified separately. The f l i g h t  time Tc i s  360 sec. 

I n  t h e  combustor s ec t ion ,  t h e  h e a t  pipe temperature To, 
t h e  rad ius  of t h e  h e a t  pipe o u t e r  w a l l  R i ,  and t h e  a i r  gap and 
secondary carbon-carbon layer thicknesses x1 and x2 a re  known. 
The temperatures a t  the ZIRCAR/MIN-K interface and a t  the MIN-K 
/ f u e l  tank i n t e r f a c e  were s p e c i f i e d  a s  ind ica ted .  The hea t  
t ransfer  ra te  across each segment of the model is the same, and 
was formulated i n  terms of t h e  thermal r a d i a t i o n  and/or con- 
duct ion equat ions appropr i a t e  t o  each segment. From t h i s  i n -  
formation, the temperatures T1 and T2 across the carbon-carbon 
l a y e r  and t h e  Z I R C A R  and M I N - K  th icknesses  x3 and x4 can be 
calculated. 
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F igu re  17. Fuel Temperature Rise Versus Heat Leakage I n t o  Fuel  

On the engine surface, the heat leakage t o  the in t e r io r  i s  
equal t o  t h a t  from the inner surface of the heat pipe radiator  
p l u s t h a t f r o m t h e  i n n e r  s u r f a c e o f t h e  skinwhich extends over  
t he  remaining length  of the  combustor. The h e a t  leakage per 
u n i t  l e n g t h  was taken t o  be the  same i n  t h e  combustor and 
radiator  sections. 

I n  the radiator  section, the interface temperatures have 
already been established, t h u s  enabling the insu la t ion  thick- 
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Figure 18. Rise in Fuel Temperature with Dimensionless Time 

ness  t o  be c a l c u l a t e d .  I n  the s k i n  s e c t i o n ,  the s k i n  tempera- 
t u r e  w a s  t a k e n  t o  be the  s t e a d y - s t a t e  r a d i a t i o n  e q u i l i b r i u m  
t e m p e r a t u r e  of 1130"F, e n a b l i n g  the  t h i c k n e s s  of M I N - K  u n d e r  
t h e  s k i n  t o b e d e t e r m i n e d  f o r a  s p e c i f i e d h e a t  l e a k a g e  per u n i t  
l e n g t h  of the s k i n  s e c t i o n .  

The a n n u l a r  t r a n s i t i o n  s e c t i o n  between the combustor and 
radiator heat pipes i s  i n s u l a t e d  on  both s i d e s  w i t h  ZIRCAR and 
M I N - K ,  a s  shown i n  F i g u r e  20. T h e  h e a t  l e a k a g e  per u n i t  area 
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F igure  19. Thermal Insu la t ion  Model f o r  Combustor, 
Radiator ,  and Skin 

was taken t o  be the same as  that  i n  the radiator sec t ion .  To is the heat  pipe temperature, and the in ter face  temperatures 
are a s  indicated.  From t h i s  information, the th icknesses  x7 

and the heat leakage Qt from the transition sect ion can 

The to ta l  heat leakage Qtot is  given by 

Q t o t  = Qi + Q, + Qt 

where 

= ("' ".) Q, + cQi Lr 
C C 

Qo 
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F igure  20. Thermal I n s u l a t i o n  Model f o r  
Trans i t ion  Section 

I n  these equa t ions ,  

Qi = heat leakage  f r o m  combustor heat pipe 
Qo = heat leakage  from s k i n  and radiator 

Qt = heat leakage  f r o m  t r a n s i t i o n  s e c t i o n  
Qs = heat leakage  f r o m  s k i n  over  combustor 

Lc = combustor l e n g t h  
Lr = radiator l e n g t h  

heat pipe 

l e n g t h  Lc = 2000 Btu 

The t h i c k n e s s  of MIN-K r e q u i r e d  t o  l i m i t  the heat l eakage  
f romthe  s k i n  t o t h e  spec i f i ed  2 0 0 0 B t u o v e r t h e  e n t i r e  combus- 
t o r  l e n g t h  i s  0.34 i n .  T h e  i n s u l a t i o n  t h i c k n e s s  does n o t  
change even  when the radiator is  p r e s e n t ,  s i n c e  the heat leak- 
age  per u n i t  l e n g t h  of the s k i n  s e c t i o n  i s  t aken  as cons t an t .  

C a l c u l a t i o n s  w e r e  performed to  f i n d  the thermal i n s u l a t i o n  
t h i c k n e s s e s  around the combustor heat pipe, under  the r a d i a t o r  
hea t  pipe,  and  on  e i t h e r  s ide  o f  t h e  h e a t  pipe t r a n s i t i o n  
s e c t i o n ,  as  a f u n c t i o n  of the t o t a l  heat leakage.  The thermal 
i n s u l a t i o n  c a l c u l a t i o n s  w e r e  performed o n l y  for the s t r u c t u r a l  
l i n e r  of  O p t i o n  B, which i s  the  prefer red  d e s i g n  o p t i o n  f o r  
concept  C-7 because of i t s  l o w e r  weight.  R e s u l t s  are  l i s t e d  i n  
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Table 4 for a t o t a l  heat l eakage  of approximate ly  12,000 Btu. 

Table 4. Thermal Insulation Parameters for Concept C-7, 
Option B (Structural Liner) 

Qi = 8000 Btu (heat leakage from combustor heat pipe) 
Qe = 3092 Btu (heat leakage from skin & radiator heat pipe) 
Qt = 1048 Btu (heat leakage from heat pipe transition section) 

T1 = 2778 F (inner surface of second C-C layer) 
T2 = 2764 F (outer surface of second C-C layer) 

= 12,140 Btu (total heat leakage) Qtot 

x3 = 0.28 in. (ZIRCAR around combustor heat pipe) 
x4 = 0.11 in. (MIN-K around combustor heat pipe) 
x5 = 0.27 in. (MIN-K under radiator heat pipe) 
x6 = 0.84 in. (ZIRCAR under radiator heat pipe) 
x7 = 0.84 in. (ZIRCAR on heat pipe transition section) 
x8 = 0.29 in. (MIN-K on heat pipe transition section) 

Using  t h e  i n f o r m a t i o n  i n  Tab le  4, t h e  w e i g h t  and  thermal  
c a p a c i t y  of the thermal i n s u l a t i o n  w e r e  c a l c u l a t e d .  R e s u l t s  
are g i v e n  i n  Table 5. 

A l m o s t  35 l b  of thermal i n s u l a t i o n  is  requ i r ed ,  abou t  70% 
of w h i c h  i s  u s e d  a r o u n d  t h e  t r a n s i t i o n  s e c t i o n  and  the  rad ia-  
to r .  T h e  t h e r m a l  c apac i ty  i s  about  11,000 Btu. T h e  t h e r m a l  
capacity of the i n s u l a t i o n  w a s  n o t  i n c l u d e d ’ i n  the t o t a l  sen- 
s ib le  thermal c a p a c i t y  o f  the c o o l i n g  system. Because of the 
l o w  thermal  c o n d u c t i v i t y  of the  i n s u l a t i o n  m a t e r i a l s ,  it i s  
b e l i e v e d  t h a t  o n l y  a s m a l l  f r a c t i o n  of the a v a i l a b l e  thermal 
c a p a c i t y  w i l l  a c t u a l l y  be u t i l i z e d  du r ing  the c r i t i c a l  t r a n -  
s i e n t  phase o f  f l i g h t .  

O v e r a l l  - System Characteristics 

A p r e l i m i n a r y  l a y o u t  o f  Concep t  C-7 w i t h  the  O p t i o n  B 
s t r u c t u r a l  l i n e r  i s  shown i n  F i g u r e  21. A summary o f  t o t a l  
c o o l i n g  s y s t e m  w e i g h t  i s  g i v e n  i n  Table  6 ,  a l o n g  w i t h  t h e  ex-  
cess volume and displaced f u e l  weight.  The l a t t e r  i t e m s  pro- 
v i d e  a c o n v e n i e n t  means f o r  a s s e s s i n g  t he  r e l a t i v e  impact of 
the c o o l i n g  system on engine  volume. 
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Table 5. Weight and Thermal Capaci ty  o f  Thermal I n s u l a t i o n  
f o r  Concept C-7, Opt ion B ( S t r u c t u r a l  L i n e r )  

Weight, l b  

ZIRCAR MIN-K To ta l  

7.03 3.05 10.08 
7.71 2.84 10.55 
10.42 3.44 13.86 
25.16 9.33 34.49 

Locat ion 
Thermal Cap., Btu 

ZIRCAR MIN-K To ta l  

241 6 873 3289 
2672 813 3485 
361 I 984 4595 
8699 2670 11,369 

L i n e r  

T r a n s i t i o n  

Radiator  

To ta l  

Excess volume i s  d e f i n e d  as the i n c r e a s e  i n  volume of the 
heat pipe c o o l i n g  system o v e r  t h a t  of comparable components for 
a r e f e r e n c e  uncooled combustor l i n e r .  The components for the 
r e f e r e n c e  uncooled l i n e r  i n c l u d e :  

A. A carbon-carbon l i n e r  and associated thermal i n s u l a -  
t i o n  ex tending  o v e r  the combustor l eng th .  

B. The engine  s k i n  and associated thermal i n s u l a t i o n  ex- 
t end ing  o v e r  the combustor l eng th .  

I n  the r e f e r e n c e  system, component group A is  con ta ined  w i t h i n  
a 1 - i n . - t h i c k  a n n u l u s  whose i n n e r  b o u n d a r y  i s  t h e  combus to r  
w a l l ,  and  component  g r o u p  B i s  c o n t a i n e d  w i t h i n  a 0.40-in.- 
th ick annu lus  whose o u t e r  boundary i s  the e x t e r i o r  s u r f a c e  of 
the engine.  

Displaced f u e l  w e i g h t  i s  d e f i n e d  a s  t h e  w e i g h t  of f u e l  
which would be l o s t  i f  the excess  volume w e r e  accommodated a t  
the expense of f u e l .  

CONCEPTS C-8, C-5, AND C-4 ---- 
Concepts C-8, C-5, and C-4 a l l  u t i l i z e  a s e n s i b l e  l i t h i u m  

heat s i n k ,  i n  a d d i t i o n  t o  the s e n s i b l e  thermal capacity of the 
heat pipe and the carbon-carbon l i n e r ,  t o  absorb the t r a n s i e n t  
hea t  load. There i s  no r a d i a t o r  o r  s e c o n d a r y  c a r b o n - c a r b o n  
layer, and o n l y  the s t r u c t u r a l  l i n e r  (Option B) has been cons i -  
dered  

T h e  s t e a d y - s t a t e  h e a t  l oad  i s  d i s s i p a t e d  by e v a p o r a t i n g  
and d i s c h a r g i n g  l i t h i u m  vapor  t o  the atmosphere through exhaus t  
nozz le s ,  a f te r  a l l  the a v a i l a b l e  s e n s i b l e  thermal capacity has 
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Table 6. Weight, Excess Volume, and Displaced Fuel Weight 
for Concept C-7, Option B (Structural Liner) 

Weight, lb I 
Heat Pipe 
Carbon-Carbon Liner 
2nd Carbon-Carbon Layer 
Thermal Insulation 
Total 

72.1 
26.6 
28.3 
34.5 

161.5 

Excess Volume, in3 

2540 

Displaced Fuel Weight, lb 

93.7 

been u t i l i z e d  (i.e.,  when t h e  system has been heated t o  t h e  
steady-state operating temperature). The vapor i s  discharged 
upon f a i l u r e  of rupture  p l a t e s  i n  t h e  nozz les ,  which a r e  de- 
signed t o  f a i l  a t  t h e  vapor pressure  corresponding t o  t h e  
opera t ing  temperature. Because of t h e i r  s i m i l a r i t y ,  these  
concepts a re  discussed as a s ing le  group. A schematic i l l u s -  
t ra t ing  the concepts i s  shown i n  Figure 22. They d i f f e r  i n  the 
manner i n  which the lithium heat s i n k  is  incorporated in to  the 
cooling system. 

I n  Concept C-8, the l i t h i u m  heat s i n k  reservoir  i s  incor- 
porated with t h e  h e a t  pipe wick i n t o  a s i n g l e  containment 
structure.  Dur ing  s teady-s t a t e  operation, 1 i t h i u m  evaporates 
i n t o  t h e  vapor space from t h e  h e a t  pipe wick, f lows t o  the  
exhaust nozz les ,  and is discharged. Liquid i n  t h e  wick i s  
rep len ished  by flow from t h e  r e s e r v o i r  a long  t h i n  c a p i l l a r y  
wicks on t h e  r i b  w a l l s  (no t  shown). Af te r  t he  r e s e r v o i r  has 
been f u l l y  dep le t ed  of l i q u i d ,  t h e  l i q u i d  i n  t h e  wick i s  then 
depleted. 

I n  Concept C-5, a common w a l l  s epa ra t e s  a convent ional  
h e a t  pipe from a l i t h i u m  r e s e r v o i r  w i t h  a vapor space. The 
h e a t  pipe s e r v e s  t o  t r a n s p o r t  h e a t  t o  the  r e s e r v o i r .  During 
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steady-state operation, l iqu id  evaporates from the reservoir 
into the reservoir  vapor space, flows t o  the exhaust nozzles, 
and i s  discharged. The process continues u n t i l  a l l  the l iquid 
i n  t he  r e s e r v o i r  has  been deple ted .  The l i q u i d  i n  t h e  h e a t  
pipe wick remains undepleted. 

I n  Concept C-4, t h e  l i t h i u m  r e s e r v o i r  and t h e  h e a t  pipe 
wick a r e  one and t h e  same. During s t eady- s t a t e  opera t ion ,  
l i t h i u m  evaporates from the "thick" wick in to  the vapor space, 
flows t o  the nozzles, and is  discharged. 

I n  a1  1 cases, a fine-pored, 65% porosity, O.OlO-in.-thick 
wick layer i s  used a t  the liquid-vapor interface t o  provide the 
c a p i l l a r y  pressure  needed t o  o f f s e t  t he  l i q u i d  pressure  drop 
produced by acceleration during the climb transient.  The re- 
mainder of the l iquid volume i s  f i l l e d  w i t h  a low density, 90% 
porosity metal f e l t  w i t h  r e l a t i v e l y  coarse pores t o  provide a 
s t a b l e  l iqu id-vapor  i n t e r f a c e  a s  l i q u i d  i s  dep le t ed  during 
discharge of the l i t h i u m  vapor. The metal f e l t  i s  a l s o  used i n  
the heat pipe wick of Concept C-5, even though the wick i s  not 
depleted. 

The operating temperature was taken to be 2800°F, the same 
a s  f o r  Concept C-7 ,  w h i c h  a l s o  l e a d s  t o  t h e  same r i b  spacing. 
The pr incipal  design charac te r i s t ics  t o  be determined include: 
t h e  r e s e r v o i r  th ickness ,  t h e  c h a r a c t e r i s t i c s  of t h e  l i t h i u m  
discharge nozzles, and the thermal insulat ion thickness. Then 
the cooling system weight and excess volume can be established. 

Res e r v o i r Thickness 

The th ickness  of t he  l i t h i u m  r e s e r v o i r  i s  determined by 
the thermal capacity required t o  absorb the heat load incident 
on the  combustor l i n e r  during f l i g h t .  The r e s e r v o i r  m u s t  be 
l a r g e  enough so t h a t  t h e  s e n s i b l e  thermal capac i ty  of t h e  
contained TZM and l i t h i u m ,  when added t o  tha t  of the heat pipe 
s t ructure  and l i ne r ,  i s  suf f ic ien t  t o  absorb the t rans ien t  heat 
load. Add i t iona l ly ,  t h e  l a t e n t  thermal capac i ty  of t he  
l i t h i u m ,  when vaporized and discharged, m u s t  be su f f i c i en t  t o  
absorb the steady-state heat load. 

The required reservoir  thickness t, was found by finding 
an expression f o r  t h e  t o t a l  thermal capac i ty  , s e n s i b l e  and 
l a t en t ,  of the heat pipe cooling system and the carbon-carbon 
l i n e r  as  a function of t,. This expression was then equated t o  
t h e  t o t a l  h e a t  load and so lved  f o r  t Resu l t s  obtained f o r  
the reservoir  thickness ts, along w i t %  cooling system weights 
and thermal capacit ies,  a re  l i s t e d  i n  Table 7 for  concepts C-8, 
C-5, and C-4. The weight and thermal capacity of the discharge 
nozzles and thermal insulat ion i s  not included i n  the r e s u l t s  
shown i n  Table 7. 
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Table 7. Thickness, Weight, and Therma1,Capacity 
for Concepts C-8, C-5, and C-4 

97.2 115.0 

15.1 14.8 

26.6 26.6 

138.9 156.4 

Component 

96.8 

15.2 

26.6 

138.6 

** 
Reservoir 
Heat Pipe + Reservoir 

TZM 
Lithium 
Carbon-Carbon Liner 
Total 

TZM 
Lit hi um (Sensi bl e) 
Lithium (Latent) 
Carbon-Carbon Liner 
Total Sensible 
Total 

Concept 

I I 

Thickness, in 

0.425 0.415 0.473 

0.646 0.782 0.644 

18,485 
40,174 

122,065 
29,222 

87,881 

209,946 

21,817 

39,336 

119,519 

90,401 
209,920 

29,248 

18.370 

40,242 

122,270 
29,222 

87,834 
210,104 

* Discharge nozzles and thermal insulation not included. 
** Does not include 0.010 in. screen wick at liquid-vapor 

interface. 

I n  each case, the t o t a l  thermal capacity i s  about equal t o  
t h e  t o t a l  h e a t  load of 210,000 B t u ,  and the  t o t a l  s e n s i b l e  
thermal capacity exceeds the t ransient  heat load of 84,600 B t u  
by a few thousand B t u ' s .  The l a t t e r  s i t u a t i o n  means t h a t  t he  
discharge of l i t h i u m  vapor w i l l  be in i t i a t ed  several  seconds 
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a f t e r  the s t a r t  of the steady-state cruise period, a per fec t ly  
acceptable procedure. 

Discharae Nozzles 

Vaporized l i t h i u m  is discharged t o  the atmosphere through 
f o u r  equispaced T Z M  nozzles ,  which extend r a d i a l l y  from t h e  
combustor t o  the engine exterior.  The nozzles a re  attached t o  
a plenum a t  the rear end of the heat pipe cooling system, in to  
which the  vapor space of the  l i t h i u m  r e s e r v o i r  opens. The 
in t e r io r  surface of the plenum i s  l ined w i t h  a s ing le  layer of 
200 mesh TZM screen coupled t o  the reservoir,  so tha t  the vapor 
i n  t h e  plenum i s  s a t u r a t e d  and i n  equi l ibr ium w i t h  t h e  r e se r -  
voir  1 iquid. 

The nozz le  geometry i s  i l l u s t r a t e d  i n  Figure 23.  The 
th ickness  p of t h e  plenum and nozz les  i s  0.5 i n .  The plenum 
height  corresponds t o  the  h e i g h t  of t he  h e a t  p i p e / r e s e r v o i r  
system under consideration. The nozzle geometry i s  e s s e n t i a l l y  
the  same f o r  each concept, except  t h a t  t h e  d i s t a n c e  from the  
nozzle throat  t o  the exter ior  is adjusted t o  allow for d i f fe r -  
ences i n  plenum height. The remaining nozzle dimensions are  the 
s a m e  f o r  each concept. Rupture p l a t e s  i n  the  plenum w a l l  a t  
t h e  en t rance  t o  each nozzle  a r e  designed t o  open a t  52.9 p s i ,  
the vapor pressure of l i t h i u m  a t  the steady-state design temp- 
erature of 2800'F. 

The nozz le  en t rance  width n was taken t o  be 2.0 i n . ,  and 
the distance 1 from the throa t  t o  the exter ior  was taken t o  be 
9.0 i n .  Other key nozzle  dimensions, t h e  t h r o a t  w i d t h  d and 
t h e  e x i t  width d were determined from c a l c u l a t i o n s  og t h e  
required nozzle &\oat area At and e x i t  area A,. The area of a 
given nozzle a t  any given downstream pressure P2 can be found 
from the following modified form of the continuity equation: 

- 9oAlV2 
A2 - 4KV2 

where g o =  l i n e r h e a t  f l u x  
A1 = l i n e r  a r ea  
IC = heat of vaporization a t  operating temperature 
v2 = spec i f ic  volume of l i t h i u m  vapor a t  

pressure P 
V2  = veloc i ty  0% l i t h i u m  vapor a t  pressure P2 

The v e l o c i t y  V 2  i s  g iven  by  ( 1 0 )  
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Figure 23. Lithium Discharge Nozzle Geometry 

where g = acceleration of gravi ty  
hl = enthalpy of l i t h i u m  vapor a t  nozzle entrance 
h2 = enthalpy of l i t h i u m  vapor a t  pressure P2 

Equation (22)  assumes t h a t  the nozzle entrance ve loc i ty  is  
n e g l i g i b l e  compared t o  V 2 ,  a v a l i d  condi t ion  f o r  t h e  design 
considered here.  The nozzle  e f f i c i e n c y  i s  a l s o  assumed t o  be 
100%. 

The spec i f ic  volume v 2  can be approximated by 

v2 = x2vg2 

= specif ic  volume of saturated l i thium vapor a t  

= l i t h i u m  vapor qua l i t y  (weight f ract ion of 
pressure P2 

vapor) a t  pressure P2 

"92 where 

x 2  

The nozzle areas a t  various downstream pressures P2 were 
c a l c u l a t e d  a s  a func t ion  of P 2  f o r  t h e  i s e n t r o p i c  (cons tan t  
entropy)  expansion of l i t h i u m  vapor. The en tha lpy ,  qua l -  
i t y ,  and temperature a t  P2  were found from a M o l l i e r  (h-s) 
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d i a g r a m  f o r  l i t h i u m  g i v e n  i n  R e f e r e n c e  (11). T h e  s p e c i f i c  
volume o f  s a t u r a t e d  l i t h i u m  vapor  w a s  ob ta ined  f r o m  a c u r v e  o f  
vg2 v e r s u s  T2, a l s o  g i v e n  i n  Reference (11). 

The n o z z l e  area A2 v e r s u s  downstream p r e s s u r e  P2 is  shown 
i n  F i g u r e  24. T h e  minimum area ,  a t  t h e  n o z z l e  t h r o a t ,  o c c u r s  
a t  a p r e s s u r e  of 22.5 p s i .  Because  the  c u r v e  i s  v e r y  f l a t  i n  
the v i c i n i t y  of the throat,  the t h r o a t  p r e s s u r e  w a s  assumed t o  
be 20 p s i ,  w i t h  l i t t l e  e f f e c t  o n  t h r o a t  area.  T h e  n o z z l e  
e x h a u s t  p r e s s u r e  w a s  t a k e n  t o  be 0.411 p s i a ,  c o r r e s p o n d i n g  t o  
t h e  atmospheric p r e s s u r e  a f t e r  60  sec o f  f l i g h t .  S i n c e  t he  
atmospheric  p r e s s u r e  d u r i n g  s t e a d y - s t a t e  c r u i s e  i s  0.211 psia, 
t h e  l i t h i u m  v a p o r  i s s u i n g  f r o m  t h e  n o z z l e s  w i l l  be s o m e w h a t  
underexpanded. 

Once t h e  n o z z l e  t h r o a t  and  e x i t  a reas  h a v e  b e e n  d e t e r -  
mined,  t h e  t h r o a t  and  e x i t  w i d t h s  d t  and  de a re  found  b y  d i v -  
i d i n g  the r e s p e c t i v e  areas by the n o z z l e  t h i c k n e s s  o f  0.5 in .  

I n  Tab le  8, t h e  v a r i o u s  l i t h i u m  v a p o r  p roper t ies  a t  t h e  
n o z z l e  e n t r a n c e ,  throat,  and e x i t  are i n d i c a t e d ,  a l o n g  w i t h  the 
v a p o r  v e l o c i t i e s  and  areas.  T h e  d a t a  i n  T a b l e  8 a p p l y  f o r  
c o n c e p t s  C-8, C-5,  and  C-4. I n f o r m a t i o n  on  n o z z l e  d i m e n s i o n s  
fo r  the  three concepts  under  c o n s i d e r a t i o n  i s  g i v e n  i n  Table 9. 

T h e  n o z z l e  d i m e n s i o n s  a r e  t h e  same f o r  each c o n c e p t  w i t h  
t h e  e x c e p t i o n  o f  t h e  t h r o a t - t o - e x i t  l e n g t h  1 and  t h e  h a l f -  
a n g l e  a. These d i m e n s i o n s  c h a n g e  t o  accommodate  t h e  v a r y i n g  
p lenum h e i g h t  x f o r  t h e  th ree  c o n c e p t s  w i t h i n  t h e  f i x e d  
l i n e r - t o - e x t e r i o r  dimension of 10.50 in .  A l s o ,  the dimensions 
w i t h  a s t e r i s k s  are  i n t e r n a l  dimensions.  S ince  the  n o z z l e  w a l l s  
are f a b r i c a t e d  from 0.030 in .  TZM, the e x t e r n a l  dimensions are 
2 x 0.030 = 0.060 in .  wider  t h a n  the i n t e r n a l  dimensions.  

hP 

T h e  f o u r  e q u i s p a c e d  n o z z l e s  occupy  7% of t h e  e x t e r n a l  
c i rcumference.  I f  d i r e c t e d  t o  the rear, the f l o w  i s s u i n g  f r o m  
the f o u r  n o z z l e s  would g e n e r a t e  a t h r u s t  of 20.2 lb.  

T h e  a p p r o x i m a t e  w e i g h t  of t he  f o u r  n o z z l e s  and  v a p o r  
plenum is  1.7 lb ,  and their  volume i s  abou t  26.3 in3. 

T h e r m a l  I n s u l a t i o n  

Less  thermal i n s u l a t i o n  i s  r e q u i r e d  w i t h  concep t s  C-8, C- 
5, and C-4, s i n c e  there is  no h i g h  tempera ture  radiator on the 
e n g i n e  s u r f a c e  t o  be i n s u l a t e d .  I n s t e a d ,  t h e  o u t e r  s k i n  o v e r  
the e n t i r e  combustor l e n g t h  is i n s u l a t e d  w i t h  0.34 i n .  of M I N -  
K, r e s u l t i n g  i n  2000 Btu of heat l eakage  t o  the i n t e r i o r .  The 
t h i c k n e s s e s  o f  Z I R C A R  and  M I N - K  r e q u i r e d  a r o u n d  
p i p e / r e s e r v o i r  i n  t he  c o m b u s t o r  s e c t i o n  were found  
same model as  w a s  used for concep t  C-7. (See F igure  

the  h e a t  
u s i n g  t h e  
19.) 
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Figure 24. Nozzle Area Versus Downstream Pressure 
for L i t h i u m  Vapor Nozzle 

To o b t a i n  the same t o t a l  heat l eakage  of abou t  12,000 Btu, 
the  heat l eakage  f r o m  the heat p i p e / r e s e r v o i r  w a s  specified t o  
be 12 ,000  - 2,000 = 10 ,000  Btu.  S i n c e  there  i s  no  s e c o n d a r y  
carbon-carbon layer ,  the t h i c k n e s s  x2 i n  the model w a s  t aken  t o  
be 0.0001 in., which approximates  zero. The l i t h i u m  d i s c h a r g e  
n o z z l e s  w e r e  i n s u l a t e d  w i t h  the s a m e  t h i c k n e s s e s  of ZIRCAR and 
MIN-K as  w e r e  used t o  i n s u l a t e  the heat pipe t r a n s i t i o n  s e c t i o n  
i n  concep t  C-7. 

I n s u l a t i o n  t h i c k n e s s e s  and  a s soc ia t ed  hea t  l e a k a g e s  a r e  
g i v e n  i n  Table  10. T h e  w e i g h t  and  the rma l  c a p a c i t y  of t h e  
thermal i n s u l a t i o n  are g i v e n  i n  Table 11. R e s u l t s  are s imi la r  
for each concept .  About 10 l b  of i n s u l a t i o n  i s  r e q u i r e d ,  w i t h  
a thermal  capac i ty  of a b o u t  3300 Btu.  T h e  r e l a t i v e l y  s m a l l  
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Table 8. Discharge Nozzle Data for Concepts C-8, C-5, and C-4 

I tern 

Temperature, F 
Pressure, psi a 
Enthalpy, Btu/lb 
Entropy, Btu/l b-R 
Quality, % 
Specific Volume of 
Saturated Vapor, ft3/lb 
Specific Volume, ft3/lb 
Vapor Velocity, ft/sec 
Vapor Flow Rate, lb/sec 
Flow Area, in2 

Entrance Throat Exit 

2800 
52.9 
11,220 
5.444 
100.0 

81.97. 
81.97 
162.3 
0.0138 
1 .ooo 

2500 
20.0 
10,510 
5.444 
92.5 

208.3 
192.7 
5963 
0.0138 
0.056 

1740 
0.411 
8440 
5.444 
71.1 

71 43 
5079 
11,800 
0.0138 
0.852 

Table 9. Nozzle Dimensions for Concepts C-8, C-5, and C-4 
(See Figure 23) 

Dimension 

* 
n, in. * 

* dt, in. 
de, in. 
m, in. 
1, in. 
a ,  deg 

p, in. 
in. XhP’ * 

Concept 

C-8 c-5 c-4 

2.00 
0.111 
1.705 
1 .oo 
8.672 
5.25 
0.646 
0.50 

2.00 
0.111 
1.705 
1 .oo 
8.536 
5.33 
0.782 
0.50 

2 .oo 
0.111 
1.705 
1 .oo 
8.674 
5.25 
0.644 
0.50 

* Internal dimensions. For external dimensions, add 0.060 in. 
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Table 10. Heat Leakage and Thermal Insulation Thickness 
for Concepts C-8, C-5, and C-4 

Item C-8 e-5 e-4 

Qi(heat from h.pipe/reser.), Btu 
Qe(heat from skin), Btu 
Qn(heat from nozzles), Btu 
Qtot(total heat leakage), Btu 

T2(temp. at ZIRCAR inner s.), F 

x3(ZIRCAR arnd h.pipe/reser.), in. 
x4(MIN-K arnd h.pipe/reser.), in. 
x5(MIN-K under skin), in. 
X8(ZIRCAR on nozzles), in. 
x9(MIN-K on nozzles), in. 

10,000 
2,000 
114 

12,114 

2,775 

0.24 
0.09 
0.34 
0.84 
0.29 

10,000 
2,000 
114 

12,114 

2,775 

0.24 
0.09 
0.34 
0.84 
0.29 

10,000 
2,000 
114 

12,114 

2,775 

0.24 
0.09 
0.34 
0.84 
0.29 

thermal c a p a c i t y  o f  the i n s u l a t i o n  w a s  n o t  t aken  i n t o  account  
i n  e s t a b l i s h i n g  c o o l i n g  system thermal c a p a c i t y  requirements .  

H e a t  T r a n s p o r t  Characteristics 

H e a t  t r a n s p o r t  cha rac t e r i s t i c s  of t h e  c o o l i n g  s y s t e m s  
w e r e  b r i e f l y  examined, based on the requirement  t h a t  heat pipe 
hea t  t r a n s p o r t  l i m i t s  n o t  be exceeded. These l i m i t s  w e r e  
established u s i n g  References 6, 1 2 ,  and 13. 

During s t e a d y - s t a t e  operation, l i t h i u m  e v a p o r a t e s  from the 
heat pipe, and the vapor  f lows  a x i a l l y  a l o n g  the vapor  space t o  
the  d i s c h a r g e  n o z z l e s .  L i q u i d  l i t h i u m  f l o w  i s  i n  the  r a d i a l  
d i r e c t i o n  o n l y ,  and i t s  p r e s s u r e  d r o p  i s  n e g l i g i b l e .  

T h e  a x i a l  hea t  f l u x  i s  113  B t u / i n 2 - s e c ,  w e l l  below the  
s o n i c  l i m i t  ( a x i a l  h e a t  f l u  a t  which the  v a p o r  v e l o c i t y  be- 
comes s o n i c )  of 1510 Btu/in’-sec a t  the o p e r a t i n g  tempera ture  
of 2800°F. Entrainment  w i l l  n o t  occur  i f  the  pore s i ze  a t  the 
l i q u i d - v a p o r  i n t e r f a c e  i n  l ess  t h a n  550 mic ron ,  a d e s i g n  re- 
quirement  which is  e a s i l y  m e t .  The a x i a l  pressure drop of 0.33 
p s i  i n  t h e  f l o w i n g  v a p o r  c a n  be s u s t a i n e d  b y  the  c a p i l l a r y  
p r e s s u r e  deve loped  i n  w i c k  pore s i z e s  of less t h a n  370 micron, 
a n o t h e r  r e a d i l y  m e t  d e s i g n  c r i t e r i o n .  For e x a m p l e ,  t h e  pore 
s i z e  of  t h e  90% TZM f e l t  proposed f o r  t h e  body of t h e  h e a t  pipe 
w i c k  and  r e s e r v o i r  i s  e s t i m a t e d  t o  be 200 m i c r o n ,  based o n  
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Weight, l b  

ZIRCAR MIN-K Total  
Location 

Heat p i  pe / r e se r  . 
Nozzles 
Total  

Thermal Capac., B t u  

ZIRCAR MIN-K Total  

6.30 2.59 8.89 
0.84 0.31 1 . I5  
7.14 2.90 10.04 

21 71 804 2975 
303 79 382 

2474 883 3357 

c -4 

Heat pipeheser. 
Nozzles 
Total  

6.45 2.65 9.10 2223 758 2981 
0.84 0.31 1 . I5  303 79 382 
7.29 2.96 10.25 2526 837 3363 

comparison w i t h  89% poros i ty  s i n t e r e d  s t a i n l e s s  s t e e l  f i b e r .  
(See p. 70 ,  Reference 6 . )  

Heat p i p e h e s e r  . 
Nozzles 
Total  

The superheat  i n  t h e  wick of  concept C-8  i s  10°F.  I n  t he  
reservoir  of concept C-5, through which l i n e r  heat m u s t  flow t o  
t h e  vaporizing i n t e r f a c e ,  t h e  superheat  is 85°F.  I n  t h e  com- 
bined heat pipe wick/reservoir of concept C-4, the superheat i s  
97°F. 

6.30 2.59 8.89 21 71 741 291 2 
0.84 0.31 1 .I5 303 79 382 
7.14 2.90 10.04 2474 820 3294 

During steady-state operation, the diameter of curvature 
of the liquid-vapor interface w i l l  be a t  l e a s t  370 micron. For 
th i s  condition, a t  an operating temperature of 2800°F and w i t h  
a nuc lea t ion  s i t e  rad ius  of 3 micron, b o i l i n g  w i l l  not be 
i n i t i a t e d  u n t i l  t h e  superheat  reaches 114'F. Therefore,  
s t e a d y - s t a t e  b o i l i n g  i s  not  expected w i t h  any of t h e  cool ing  
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concepts ,  a l t h o u g h  the margin for error i s  smallest  for C-4. 

During the c l i m b  t r a n s i e n t ,  there i s  no a x i a l  vapor  f l o w .  
However, the engine  a c c e l e r a t i o n ,  a l o n g  w i t h  g r a v i t y ,  produces 
a s u b s t a n t i a l  a x i a l  l i q u i d  p r e s s u r e  drop t o  be o f f s e t  by cap- 
i l l a r y p r e s s u r e  i n t h e w i c k p o r e s .  A t 2 8 0 0 ' F a n d a p e a k a c c e l -  
e r a t i o n  ( i n c l u d i n g  g r a v i t y )  of  2.62 g ' s ,  t h e  l i q u i d  p r e s s u r e  
drop i s  3.03 p s i ,  r e q u i r i n g  t h e  w i c k  pore s i z e  t o  be less  t h a n  
4 0  mic ron .  For t h i s  r e a s o n ,  a t h i n  (0.010 i n . )  l aye r  of T Z M  
s c r e e n  i s  u s e d  a t  t h e  l i q u i d - v a p o r  i n t e r f a c e  o f  both the  hea t  
pipe w i c k  a n d  r e s e r v o i r .  The p o r o s i t y  of  t h i s  w i c k  l aye r  i s  
t a k e n  t o  be 65% w i t h  a n  e f f e c t i v e  pore s i z e  o f  20 mic ron ,  
ob ta ined  by  drawing down s e v e r a l  layers  o f  400 m e s h  sc reen .  

S i n c e  l i n e r  h e a t  f l u x e s  d u r i n g  the  c l i m b  t r a n s i e n t  may 
e x c e e d  the  s teady-s ta te  v a l u e  b y  a s u b s t a n t i a l  m u l t i p l e ,  the  
p o s s i b i l i t y  of b o i l i n g  d u r i n g  the t r a n s i e n t  must be cons idered .  
A t  the  lower c o o l i n g  system tempera tures  encountered d u r i n g  the 
t r a n s i e n t ,  the s u p e r h e a t  r e q u i r e d  f o r  the i n i t i a t i o n  of b o i l i n g  
i n c r e a s e s  cons ide rab ly .  N o  problems are expected w i t h  concept  
C-8  b e c a u s e  of i t s  t h i n  w i c k .  However,  b o i l i n g  c o n c e i v a b l y  
c o u l d  be a problem w i t h  c o n c e p t s  C-5 and  C-4  b e c a u s e  of the  
t h i c k e r  r e s e r v o i r  s t r u c t u r e s  t h r o u g h  w h i c h  hea t  m u s t  pass i n  
order t o  r each  the vapor  space. 

For e x a m p l e ,  i n  F i g u r e  25 t h e  a c t u a l  s u p e r h e a t  i n  the  
r e s e r v o i r  of concept  C-4, and the s u p e r h e a t  r e q u i r e d  for boil- 
ing ,  are p lo t ted  a a f u n c t i o n  of vapor  tempera ture  for a heat 
f l u x  o f  180 Btu/ft'-sec. I f  the vapor  tempera ture  a t  t h i s  heat 
f l u x  s h o u l d  e x c e e d  1950"F,  t h e  a c t u a l  s u p e r h e a t  w i l l  e x c e e d  
t h a t  f o r  b o i l i n g .  Whether b o i l i n g  w i l l  i n  f a c t  o c c u r  i n  the  
th i ck  r e s e r v o i r  s t r u c t u r e s  of concep t s  C-5 and C-4 depends on 
t h e i r  t r a n s i e n t  tempera ture  and heat f l u x  histories.  

O v e r a l l  System Characteristics 

P r e l i m i n a r y  l a y o u t s  of c o n c e p t s  C-8, C - 5 ,  and C-4 are 
shown i n  F i g u r e  26. A summary of t o t a l  c o o l i n g  system weights  
is  g i v e n  i n  Table 12,  a l o n g  w i t h  excess  volumes and displaced 
f u e l  weights .  

- 

CONCEPT M-6 

Concept M-6 d i f f e r s  f r o m  the p r e v i o u s l y  cons ide red  c o o l i n g  
c o n c e p t s  i n  t w o  i m p o r t a n t  respects.  F i r s t ,  t h e  hea t  pipe 
s t r u c t u r e  i t s e l f  acts  as the combustor l i n e r ,  and t h u s  there i s  
no  separa te  c a r b o n - c a r b o n  l i n e r .  Second,  thermal  c a p a c i t y  
r e q u i r e d  d u r i n g  the c l i m b  t r a n s i e n t  w h i c h  exceeds t ha t  a v a i l -  
able  from the heat pipe s t r u c t u r e  i s  s u p p l i e d  by a v a p o r i z i n g  
l i t h i u m  hea t  s i n k .  The s t eady- s t a t e  hea t  load i s  d iss ipa ted  
f r o m  a n  e x t e r n a l  hea t  p ipe  r a d i a t o r  i n  the  s a m e  manner  a s  w a s  
employed i n  concept  C-7. 
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Figure  25. Conditions for B o i l i n g  w i t h  Concept C-4 

By u s i n g  the heat pipe s t ruc ture  d i r e c t l y  as  the combustor 
l i n e r ,  the r e l a t i v e l y  high-thermal-resistance a i r  gap between 
the l i n e r  and the heat pipe s t ructure ,  which i s  charac te r i s t ic  
of t he  o the r  concepts,  i s  e l imina ted .  Since t h e  h e a t  pipe 
s t ructure  i s  now d i r ec t ly  exposed t o  combustion gas pressure, 
it m u s t  be designed t o  withstand the resu l t ing  hoop stress. 
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Item 

Heat Pipe/Reservoir 
Carbon-Carbon Liner 
Nozzles and Plenum 
Thermal Insulation 
Total 

C-8 c-5 c -4 

112.3 129.8 112.0 
26.6 26.6 26.6 
1.7 1.7 1.7 
10.0 10.3 10.0 
150.6 168.4 150.3 

Cooling System 735 .O 1163.1 725.2 

The ope ra t ing  temperature f o r  concept M - 6  was s e t  a t  
3000"F, the highest p rac t ica l  steady-state l e v e l  for  a l i t h i u m -  
TZM heat pipe. A t  t h i s  temperature, the l i t h i u m  vapor pressure 
i s  95.8 ps ia .  A p r o t e c t i v e  W - 3  s i l i c i d e  coa t ing  ( 1 4 )  covers  
exposed TZM surfaces. 

Cooling System 

The cross-section of the M - 6  cooling system i n  the combus- 
t o r  i s  shown i n  Figure 27. The conf igu ra t ion  i s  s i m i l a r  t o  
tha t  of C-5, except t ha t  the heat pipe section extends a l l  the 
way t o  t h e  e x t e r n a l  r a d i a t o r .  The vapor space of t h e  l i t h i u m  
heat s i n k  reservoir  connects with the vapor discharge nozzles. 
A l l  of t h e  dimensions a r e  s p e c i f i e d  a s  shown, w i t h  t h e  h e a t  
s i n k  th ickness  ts, the  r i b  spacing W v ,  and the  w a l l  th ickness  
tw t o  be determined. 

The porosity of the TZM screens a t  the liquid-vapor inter-  
faces i s  0.65. The porosity of the T Z M  f e l t  w i t h i n  the reser- 
v o i r  i s  0.90. The wick i t s e l f  i s  an a l l - l i q u i d  channel. The 
r i b  spacing and w a l l  th ickness  a r e  determined from s t r e s s  
considerations, and the heat s i n k  thickness from thermal capa- 

27.1 42.9 26.8 



Figure 27. Cross-section of Cooling 
Concept M-6 

c i t y  c o n s i d e r a t i o n s .  A d d i t i o n a l  i n f o r m a t i o n  needed  t o  char- 
acter ize  concep t  M-6 i n c l u d e s :  r a d i a t o r  area, d i s c h a r g e  n o z z l e  
dimensions,  and thermal i n s u l a t i o n  needs. 

W a l l  Th ickness  -- and R i b  Spacing 

T h e  w a l l s  mus t  h a v e  s u f f i c i e n t  t h i c k n e s s  t g  a v o i d  ex-  
c e s s i v e  hoop and bending stresses. Usirig the maximum combus- 
t i o n  g a s  p r e s s u r e  of 350 p s i ,  a mean r a d i u s  of 5 in . ,  0.060 i n .  
w a l l s  i n  t h e  h e a t  pipe and  hea t  s i n k ,  and  a s suming  t h a t  t h e  
stress is e q u a l l y  applied t o  the three w a l l s ,  the hoop stress 
f r o m  Equat ion  (14)  i s  9720 psi. 

The p r e s s u r e  d i f f e r e n t i a l  between the combustion gas  and 
the heat pipe vapor  produces bending stress i n  the i n n e r  w a l l .  
W i t h  AP e q u a l  t o  350 - 1 0 0  = 250 p s i ,  a n  a l l o w a b l e  b e n d i n g  
stress s of 7000 p s i ,  and  w a l l  and  r i b  t h i c k n e s s e s  tw o f  0.060 
in . ,  t h e  r i b  s p a c i n g  W, i s  found  t o  be 0.389 i n .  f r o m  E q u a t i o n  
(10). The cen te r - to -cen te r  r i b  spac ing  i s  t h e n  0.389 + 0.060 = 
0.449 i n .  

-- 

Adding the  b e n d i n g  stress o f  7000 p s i  t o  the  hoop stress 
g i v e s  16,720 psi ,  a f i g u r e  g r e a t e r  t h a n  the t e n s i l e  s t r e n g t h  o f  
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15,000 p s i  f o r  T Z M  a t  3000°F. T h e  s y s t e m  t e m p e r a t u r e  w i l l  
l i k e l y  be less  t h a n  3000"F,  and  t h e  t e n s i l e  s t r e n g t h  g r e a t e r  
t h a n  15 ,000  p s i ,  a t  t h e  s t a r t  o f  f l i g h t  when t h e  maximum c o m -  
b u s t o r  p r e s s u r e  i s  encountered.  Nonethe less ,  the above ana ly -  
sis i n d i c a t e s  t ha t  a w a l l  t h i c k n e s s  i n  excess of 0.060 in .  may 
be needed. 

There is no hoop stress i n  the  r a d i a t o r  s e c t i o n  o f  the  
h e a t  pipe,  and  t he  p r e s s u r e  d i f f e r e n t i a l  across  t h e  w a l l s  
( v a p o r  p r e s s u r e  minus  atmospheric p r e s s u r e )  i s  a b o u t  100  p s i .  
Using the same cen te r - to -cen te r  r i b  spac ing  of 0.449 in .  and an  
a l l o w a b l e  s t ress  of 7000 p s i ,  i t  may be shown w i t h  E q u a t i o n  
( 1 0 )  t h a t  t h e  r i b  s p a c i n g  W v  = 0.411 i n .  and  t h e  w a l l  and  r i b  
t h i c k n e s s e s  tw = 0.038 in .  

These c a l c u l a t e d  dimensions are  summarized b e l o w .  

Combus to r  H e a t  Pipe/  
H e a t  S ink  Rad ia to r  H e a t  P i p e  

W a l l  & r i b  
thickness t,, i n .  0.060 0.038 

Spacing between 
ribs Wv,  i n .  0.389 0.411 

Rad ia to r  A r e a  - 
The rad ia tor  area r e q u i r e d  t o  d i s s i p a t e  the s t e a d y - s t a t e  

heat l o a d  w a s  found f r o m  Equat ions  (B6) and ( B 8 )  of Appendix B. 
The f o l l o w i n g  d a t a  w e r e  used i n  the equat ions :  

Rad ia to r  tempera ture  T4 = 3460 R 
Rad ia t ion  e q u i l i b r i u m  
t empera tu re  Te = 1590 R 
Recovery tempera ture  Tr = 2932 R 
L i n e r  heat f l u x  q1 
L i n e r  area A1 

= 38.3 Btu f t 2 - s e c  
= 17.41 f t  4 

T h e  r a d i a t o r  area A, is t h e n  11.98 f t 2 .  T h e  a rea  of the  
a n n u l a r  heat pipe t r a n s i t i o n  s e c t i o n  between the combustor and 
r a d i a t o r  i s  4.70 f t 2 .  Assuming t h a t  t he  r a d i a t o r  e x t e n d s  
completely around the engine ,  i t s  a x i a l  l e n g t h  i s  t h e n  17.7 in .  

R e s e r v o i r  Thickness  

The t h i c k n e s s  ts i n  the l i t h i u m  r e s e r v o i r  w a s  determined 
f r o m  thermal c a p a c i t y  cond i t ions .  A t  3000"F, the  t r a n s i e n t  and 
t o t a l  heat l o a d s  are 128,500 Btu and 318,400 Btu, r e s p e c t i v e l y .  
There must be s u f f i c i e n t  s e n s i b l e  and l a t e n t  thermal c a p a c i t y  
i n  t h e  c o o l i n g  s y s t e m  t o  absorb t h e  t r a n s i e n t  h e a t  l o a d .  T h e  
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steady-state heat load i s  dissipated by the radiator. 

A n  expression f o r  t h e  t o t a l  system thermal capac i ty  was 
c a l c u l a t e d ,  with t h e  r e s e r v o i r  th ickness  ts a v a r i a b l e  t o  be 
determined, and s e t  equal t o  the t ransient  heat load of 128,500 
B t u .  The t o t a l  system thermal capac i ty  inc ludes :  s e n s i b l e  
thermal capacity of the TZM, sensible  thermal capacity of the 
lithium, l a t e n t  heat of vaporization of the lithium i n  the heat 
s i n k  reservoir ,  and the heat radiated t o  the environment from 
the  r a d i a t o r  p r i o r  t o  s t eady- s t a t e  operat ion.  The l a t t e r  
f igure was estimated t o  be 12,000 Btu. The thermal capacity of 
the nozzles and thermal insulat ion i s  r e l a t i v e l y  small ,  and was 
not included. 

Upon s o l v i n g  f o r  ts, t h e  th ickness  of l i t h i u m  i n  t he  
r e s e r v o i r  was found t o  be 0.148 i n .  Once ts has been de te r -  
mined, the thicknesses, weights, and thermal capacit ies can be 
calculated.  Results a re  given i n  Table 13. 

The t o t a l  thermal capac i ty  i s  seen i n  Table 13  t o  be about 
equal t o  the t ransient  heat load of 128,500 B t u .  About 27% of 
the thermal capacity i s  due t o  the l a t en t  heat of vaporization 
of the lithium which evaporates from the reservoir. 

Discharge Nozzles 

The discharge nozzle geometry i s  s imilar  t o  tha t  shown i n  
Figure 23. The vapor discharge temperature was assumed t o  be 
equal t o  the operating temperature of 3000'F. The ac tua l  vapor 
discharge temperature i s  lower than t h i s  f igure because of the 
temperature drop between the inner surface of the heat pipe and 
the lithium i n  the reservoir. The discharge of lithium vapor 
s t a r t s  a f t e r  a l l  the ava i l ab le  sensible  thermal capacity has 
been u t i l i z e d ,  i nc lud ing  h e a t  d i s s i p a t e d  from t h e  r a d i a t o r  
whi le  i t  i s  being heated f u l l y  t o  the  opera t ing  temperature. 
This occurs when 93,600 B t u  of h e a t  has been absorbed, a f t e r  
50.4 s ec  of flight. 

From the  Case A 3000°F curve  of Figure 8, t h e  l i n e r  h e a t  
f l ux  a t  50.4 sec i s  175  Btu/ft2-sec. The nozzles were designed 
t o  d ischarge  l i t h ium vapor a t  t h e  f low r a t e  corresponding t o  
t h i s  h e a t  f l u x .  The nozzle  exhaust pressure  was taken t o  be 
0.571 psia,  which i s  the atmospheric pressure a t  the time vapor 
discharge i s  in i t ia ted .  

Nozzle c h a r a c t e r i s t i c s  were c a l c u l a t e d  using t h e  same 
techniques and equations descr ibed i n  t h e  discharge nozzle  
s e c t i o n  f o r  concepts C-8, C-5, and C-4. However, t h e  vapor 
ve loc i ty  was modified t o  the form 



Table 13. Thickness, Weight, and Thermal Capacity 
for Concept M-6* 

Thickness, in. 

Reservoir** 
Heat Pipe/Reservoir 
Radiator Heat Pipe 

0.148 

0.588 

0.226 

Weight, lb 

TZM 
Lithium 

297.1 

7.4 

I Total 304.5 

Thermal Capacity, B t u  

TZM 
Li thi um (sensible) 
LIthium (latent) 
Radiation During Transient 
Total 

60,510 

20,950 

34,900 

12,000 

128,360 

* Discharge nozzles and thermal insulation not included. 
** Does not include 0.010 in. screen at liquid-vapor 

interface. 

where V2 is  calculated f r o m  Equation ( 2 2 ) ,  6 i s  defined by 

and V1 i s  the e x i t  ve loc i ty  f r o m  the reservoir  vapor space. In 
the pr ior  calculat ions,  6 w a s  negligible.  Because of the rela- 
t i v e l y  high vapor flow r a t e  ( r e su l t i ng  f r o m  the i n i t i a t i o n  of 
vapor d ischarge  dur ing  t h e  c l i m b  t r a n s i e n t ) ,  16 nozz le s  w e r e  
u sed  
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I n  Table 14, the v a r i o u s  l i t h i u m  vapor  properties a t  the 
n o z z l e  e n t r a n c e ,  throat, and e x i t  are i n d i c a t e d ,  a l o n g  w i t h  the 
vapor  v e l o c i t i e s  and areas. Informat ion  on n o z z l e  dimensions 
i s  g i v e n  i n  T a b l e  15. 

Table 14. Discharge Nozzle Data for Concept M-6 

I tem 
~ ~~ ~~ 

Temperature, F 

Pressure , psi a 
Enthalpy, Btu/lb 
Entropy, Btu/l b-R 
Vapor Quality, % 
Specific Volume of 
Saturated Vapor, ft3/lb 
Specific Volume, ft3/lb 
Vapor Velocity, ft/sec 
Vapor Flow Rate, lb/sec 
Flow Area, in2 

Entrance Throat Exit 
~~ 

3000 

95.7 

11,276.3 

5.3176 

100.0 

47.62 
47.62 

329 

0.0240 

0.500 

2770 

50.0 
10,760 

5.3176 

94.5 

89.29 
84.38 

5085 

0.0240 

0.0573 

1790 

0.571 
8270 

5.3176 

68.8 

5263 

3621 

12,271 

0.0240 

1.0194 

Table 15. Nozzle Dimensions for Concept M-6 
(See Figure 23) 

n, in.* 
dt, in.* 
de, in.* 
m, in. 
1, in. 
a ,  deg 

p, in.* 
X h p Y  i n *  

1 .oo 
0.115 

2.039 
1 .oo 
8.91 

6.16 

0.588 
0.50 

* Internal dimensions. For external dimensions, add 0.060 in. 
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A c t u a l  n o z z l e  d i m e n s i o n s  w i l l  be s o m e w h a t  l a r g e r  t h a n  
i n d i c a t e d  i n  Table 15  because the s a t u r a t e d  l i t h i u m  vapor  is  a t  
a l o w e r  t empera ture ,  and hence l o w e r  p r e s s u r e  and d e n s i t y ,  t h a n  
the assumed tempera ture  of 3000 O F .  

T h e  1 6  e q u i s p a c e d  n o z z l e s  occupy  33.5% of t h e  e x t e r n a l  
engine circumference.  The n o z z l e s  and vapor  plenum are fabri-  
cated f r o m  0.030 i n .  shee t  TZM.  T h e  a p p r o x i m a t e  w e i g h t  of the  
16 n o z z l e s  and  t e p lenum i s  5.6 l b ,  and  t h e y  occupy  a volume 
of a b o u t  91.0 i n  t . 
Therma 1 I n s u l a t i o n  

Thermal i n s u l a t i o n  requi rements  for concept  M - 6  are s i m i -  
l a r  t o  those for concept  C-7. I n s u l a t i o n  i s  applied around the 
h e a t  p i p e / r e s e r v o i r  s u r r o u n d i n g  the  combus to r ,  t h e  h e a t  pipe 
t r a n s i t i o n  s e c t i o n  and  a d j a c e n t  n o z z l e s ,  and  u n d e r  t h e  hea t  
pipe r a d i a t o r  o n  t h e  e n g i n e  s u r f a c e .  T h e  r e m a i n d e r  of the  
s u r f a c e  o v e r  the combustor s e c t i o n  n o t  occupied by the radiator 
i s  i n s u l a t e d  w i t h  0.34 in .  of MIN-K. The same thermal i n s u l a -  
t i o n  model as  w a s  u s e d  fo r  c o n c e p t  C-7 i s  a l s o  u s e d  fo r  M - 6 .  
(See F igures  19  and 20.) However, s i n c e  there i s  no secondary 
c a r b o n - c a r b o n  l aye r ,  t h e  t h i c k n e s s  x2 w a s  t a k e n  t o  be 0.0001 
in., a n  approximation t o  zero. 

The r e s u l t s  of  c a l c u l a t i o n s  t o  d e t e r m i n e  t h e  i n s u l a t i o n  
t h i c k n e s s e s  and associated heat l eakages  are g i v e n  i n  Table 16. 
The c a l c u l a t i o n s  w e r e  based on a t o t a l  nominal heat l eakage  t o  
the i n t e r i o r  of 12,000 Btu. 

The weight  and thermal capacity of the thermal i n s u l a t i o n  
a re  g i v e n  i n  Table  17 .  T h e  t he rma l  i n s u l a t i o n  u n d e r  t h e  s k i n  
is n o t  i nc luded .  

About  45 lb o f  thermal  i n s u l a t i o n  i s  r e q u i r e d ,  w i t h  a 
thermal  c a p a c i t y  of o v e r  15 ,000  Btu.  T h e  thermal  capac i ty  o f  
t h e  i n s u l a t i o n  w a s  n o t  t a k e n  i n t o  a c c o u n t  i n  e s t a b l i s h i n g  
c o o l i n g  s y s t e m  thermal  c a p a c i t y  r e q u i r e m e n t s .  Because  t he  
thermal c o n d u c t i v i t y  of the thermal i n s u l a t i o n  i s  l o w ,  o n l y  a 
s m a l l  f r a c t i o n  of  t he  thermal  c a p a c i t y  may be a v a i l a b l e  t o  
absorb s e n s i b l e  heat d u r i n g  the c l i m b  t r a n s i e n t .  

O v e r a l l  System Characterist ics - -  
Apreliminarylayoutofconcept M-6 i s  shown i n  F i g u r e  28. 

A summary of t o t a l  c o o l i n g  system weights  i s  g i v e n  i n  Table 18, 
a l o n g  w i t h  the excess  volume and displaced f u e l  weight .  
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Table 16. Heat Leakage and Thermal I n s u l a t i o n  Thickness 
f o r  Concept M-6 

Qi (heat  leakage f rom heat p i p e h e s e r v o i r ) ,  Btu 

Qe(heat leakage f rom s k i n  and r a d i a t o r ) ,  Btu 

Qtot ( t o t a l  heat leakage), Btu 

T2(temperature a t  ZIRCAR i nne r  sur face) ,  O F  

x3(ZIRCAR th ickness  around heat p ipe / rese rvo i r ) ,  i n .  

x4(MIN-K th ickness  around heat p i p e h e s e r v o i r ) ,  i n .  

x5(MIN-K th ickness  under r a d i a t o r ) ,  i n .  

X6(Z IRCAR th ickness  under r a d i a t o r ) ,  i n .  

x8(ZIRCAR around t r a n s i t i o n  sect ion/nozz les) ,  i n .  

x9(MIN-K around t r a n s i t i o n  sect ion/nozz les) ,  in .  

I Qt(heat leakage f rom t r a n s i t i o n  /nozzles), B tu  

Heat p i p e h e s e r v o i r  

T rans i t ion /Nozz les  

Radiator /Sk in 

To ta l  

8,000 

3,266 

996 

12,262 

3,000 

0.39 

0.11 

0.26 

1.12 

1.12 

0.29 

9.89 3.11 13.00 

9.42 2.68 12.10 

15.91 3.75 19.66 

35.22 9.54 44.76 

Table 17. Weight and Thermal Capaci ty  o f  Thermal I n s u l a t i o n  
f o r  Concept M-6 

Weight, l b  

ZIRCAR MIN-K To ta l  
Locat ion  

Thermal Cap., B tu  

ZIRCAR MIN-K To ta l  

3,575 890 4,465 

3,405 767 4,172 

5,751 1,073 6,824 

12,731 2,730 15,461 
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Figure 28. Preliminary Loyout o f  Cooling Concept M-6 
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Table 18. Weight, Excess Volume, and Displaced Fuel Weight 
for Concept M-6 

Item Weight, lb 

Heat Pi pe/Reservoi r 
Nozzles and Plenum 
Thermal Insulation 
Total 

304.5 

5.6 

44.8 

354.9 

Excess Volume, in3 

3835.7 

Displaced Fuel Weight, lb 

141.5 

COMPARISON O F  CANDIDATE COOLING CONCEPTS 

I n  F igu re  29, impor tan t  characterist ics of the f i v e  candi-  
d a t e  c o o l i n g  c o n c e p t s  a r e  g i v e n .  P r e l i m i n a r y  l a y o u t s  of t h e  
concepts have been p r e s e n t e d  i n  F i g u r e s  2 1 ,  26 ,  a n d  28. T h e  
f e a t u r e s  of  t h e  v a r i o u s  c o n c e p t s  w i l l  now be d i s c u s s e d  and 
compared. 

CONCEPT M-6 

I n  concept  M-6, a v a p o r i z i n g  l i t h i u m  heat s i n k  supplements  
s e n s i b l e  h e a t  s i n k s  d u r i n g  a b s o r p t i o n  of t he  t r a n s i e n t  hea t  
load, and a n  ex terna l ly-mounted  r a d i a t o r  is  used t o  d i s s i p a t e  
the s t e a d y - s t a t e  heat load.  Li thium vapor  is  d i scha rged  t o  the 
atmosphere through 16 r a d i a l l y - o r i e n t e d  nozz es, s t a r t i n g  a t  50 
sec when t h e  l i n e r  h e a t  f l u x  i s  1 7 5  Btu/f t ’ -sec.  An a n n u l a r  
d i s k  t r a n s i t i o n  s e c t i o n  a d j a c e n t  t o  t h e  n o z z l e s  c o n n e c t s  t h e  
i n n e r  c o n i c a l  combus to r  h e a t  pipe w i t h  the  o u t e r  c y l i n d r i c a l  
r a d i a t o r  h e a t  pipe. Vapor p a s s a g e s  p e n e t r a t e  the  t r a n s i t i o n  
s e c t i o n ,  c o n n e c t i n g  t h e  v a p o r  d i s c h a r g e  p lenum t o  t h e  n o z z l e  
plenum. 
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The system weight and displaced fue l  weight of concept M-6  
a r e  s u b s t a n t i a l l y  g r e a t e r  than t h a t  of t h e  o t h e r  concepts. 
T h i s  occurs  f o r  a number of reasons. Here, t h e  h e a t  pipe 
s t ructure  a c t s  a s  the combustor l i n e r ,  and hence i t s  wa l l s  must  
be appreciably thicker t o  withstand the hoop s t r e s s  imposed by 
combustion gas pressure.  T h i s  e f f e c t  i s  accentuated by the  
r e l a t i v e l y  low t e n s i l e  strength of TZM a t  the l iner /heat  pipe 
temperature of 3000 O F .  

The heat load i s  higher due t o  the lower l i n e r  temperature 
(compared t o  t h e  o the r  concepts) ,  r equ i r ing  a g r e a t e r  system 
thermal capacity and hence more weight and volume. More i n s u -  
l a t i o n  i s  required because of the higher heat pipe temperature 
(compared t o  t h e  o the r  concepts) .  F i n a l l y ,  s ince  t h e  vapor- 
izing heat s i n k  i s  used here t o  augment system sensible  thermal 
capac i ty  d u r i n g  the  t r a n s i e n t ,  t h e  discharge nozz les  m u s t  be 
sized t o  accommodate a vapor discharge r a t e  almost f i v e  times 
tha t  for  steady-state operation, and a larger  expansion rat io .  

Concept M - 6  was e l imina ted  from f u r t h e r  cons ide ra t ion  
because of i t s  high weight and volume. 

CONCEPT C-7 - 
Concept C-7 u t i l i z e s  the sensible  thermal capacity of the 

h e a t  pipe and surrounding s t r u c t u r e  t o  absorb t h e  t r a n s i e n t  
h e a t  load ,  and an e x t e r n a l  r a d i a t o r  t o  d i s s i p a t e  t h e  s teady-  
s t a t e  heat load. A s t ruc tu ra l  carbon-carbon l i n e r  withstands 
the hoop s t r e s s  produced by combustion gas pressure. An addi- 
t i o n a l  l a y e r  of carbon-carbon i s  added t o  in su re  s u f f i c i e n t  
s e n s i b l e  thermal capac i ty  t o  absorb the  t r a n s i e n t  h e a t  load. 
A n  annular d i s k  t rans i t ion  section connects the inner heat pipe 
which surrounds the  combustor l i n e r  w i t h  t h e  ou te r  h e a t  pipe 
radiator.  

The o v e r a l l  weight of t h e  C-7 system i s  about 1 5  l b  grea t -  
er t h a n  t h a t  of concepts C-8 and C-4, and t h e  e q u i v a l e n t  d i s -  
placed f u e l  weight i s  about 65  . l b  g rea t e r .  The l a r g e r  system 
volume implied by the l a t t e r  f igure r e s u l t s  from the additional 
thermal insulat ion required for  the radiator and the t rans i t ion  
sec t ion .  A s  a r e s u l t ,  t h e  o v e r a l l  i n s u l a t i o n  requirement i s  
more than three times tha t  of the nonradiator concepts. 

The design of concept C-7 u t i l i z e s  an open channel f o r  
l iqu id  l i t h i u m  i n  the heat pipe wick. A more preferable porous 
l i q u i d  f low channel would r e q u i r e  t h e  wick th ickness  t o  be 
increased b y a  f a c t o r o f a r o u n d  f i v e d u e  t o t h e h i g h e r  f r i c t i o n  
of a porous channel, subs t an t i a l ly  increasing heat pipe weight 
and volume and inc reas ing  t h e  s u s c e p t i b i l i t y  of  t h e  l i q u i d  
l i t h i u m  i n  the wick t o  boiling. However, o v e r a l l  system weight 
and volume should change very l i t t l e  because the higher thermal 
capacity of the thicker wick would probably eliminate the need 
for the supplemental carbon-carbon heat s ink.  
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For v e r y  l o n g  mis s ions  o r  w h e r e  e x t e n s i v e  r e -usab le  capa- 
b i l i t y  i s  r e q u i r e d ,  c o n c e p t  C-7 m a y  w e l l  be t h e  preferred 
choice, s i n c e  i t s  weight  and volume are i n v a r i a n t  w i t h  t i m e  and 
f l u i d  r e p l e n i s h m e n t  i s  n o t  needed .  For t h e  m i s s i o n  u n d e r  
c o n s i d e r a t i o n  here, the h i g h e r  weight  and volume of concept  C- 
7 ,  a l o n g  w i t h  i t s  m o r e  complex  c o n f i g u r a t i o n ,  r e n d e r  it l e s s  
a t t r a c t i v e  t h a n  the v a p o r i z i n g  heat s i n k  systems. 

CONCEPTS C-8, C-5, AND C-4 ---- 
C o n c e p t s  C-8 ,  C-5, and  C-4 a l l  u s e  a v a p o r i z i n g  l i t h i u m  

h e a t  s i n k  t o  d i s s i p a t e  the  s t eady- s t a t e  h e a t  l oad ,  i n  con-  
j u n c t i o n  w i t h  a s t r u c t u r a l  carbon-carbon l i n e r .  The t r a n s i e n t  
heat load i s  absorbed by the s e n s i b l e  thermal c a p a c i t y  of the 
c o o l i n g  s y s t e m  and a s soc ia t ed  s t r u c t u r e .  I n  each case,  when 
t h e  d e s i g n  t e m p e r a t u r e  (2800°F)  and  v a p o r  p r e s s u r e  (52.9 p s i )  
are reached a t  the end of the t r a n s i e n t ,  r u p t u r e  p la tes  i n  f o u r  
a d j a c e n t  n o z z l e s  y i e l d ,  d i s c h a r g i n g  l i t h i u m  vapor  t o  the atmos- 
phere. 

These c o n c e p t s  d i f f e r  i n  t h e  manner  i n  which h e a t  i s  
t r a n s f e r r e d  t o  the l i t h i u m  heat s i n k  r e s e r v o i r .  I n  concept  C- 
5, heat is transferred t o  the reservoir  f r o m  the carbon-carbon 
l i n e r  v i a  a separate heat pipe s t r u c t u r e .  I n  concep t  C-8, the 
hea t  pipe and  l i t h i u m  r e s e r v o i r  a r e  i n t e g r a t e d  i n t o  a s i n g l e  
s t r u c t u r e .  I n  concept  C-4, the heat pipe w i c k  and the l i t h i u m  
r e s e r v o i r  a r e  the  s a m e  e n t i t y .  I n  each case, both t h e  h e a t  
pipe w i c k  and  t h e  l i t h i u m  r e s e r v o i r  c o n t a i n  a T Z M  f e l t  of  90% 
p o r o s i t y  t o  s t a b i l i z e  the l i q u i d .  

Concep t  C-5 employs  a p e r f e c t l y  v i a b l e  c o o l i n g  system 
d e s i g n  approach, i n c o r p o r a t i n g  t e s t e d  hea t  p ipe  t e c h n o l o g y .  
However, i t s  weight  and the e q u i v a l e n t  weight  of displaced f u e l  
are s i g n i f i c a n t l y  g r e a t e r  t h a n  for concepts  C-8 and C-4. A l s o ,  
s u b s t a n t i a l  s u p e r h e a t  w i l l  be deve loped  i n  the r e s e r v o i r  sec- 
t i o n ,  r a i s i n g  the p o s s i b i l i t y  of b o i l i n g .  

I n  a d d i t i o n  t o  h a v i n g  l o w e r  w e i g h t  and  vo lume  t h a n  C-5, 
c o n c e p t s  C - 8  and  C-4 u t i l i z e  a s i m p l e r  s t r u c t u r e ,  w i t h o u t  a n  
i n t e r n a l  w a l l .  The s t r u c t u r e  of C-4 i s  even  simpler t h a n  t h a t  
of C-8 ,  r e q u i r i n g  b u t  o n e  w i c k .  However,  f o r  e v a p o r a t i o n  t o  
o c c u r  a t  the  l i q u i d - v a p o r  i n t e r f a c e ,  i n c i d e n t  h e a t  m u s t  f l o w  
t h r o u g h  t h e  l i t h i u m  r e s e r v o i r / w i c k .  T h e  t e m p e r a t u r e  drop 
through t h i s  t h i c k n e s s  r e p r e s e n t s  the s u p e r h e a t  i n  the l i q u i d  
l i t h i u m .  I f  b o i l i n g  i n  t h e  r e s e r v o i r  i s  t o  be a v o i d e d ,  t he  
a c t u a l  s u p e r h e a t  mus t  be l e s s  t h a n  t h e  s u p e r h e a t  a t  which 
b o i l i n g  i s  i n i t i a t e d .  I t  has  b e e n  shown t h a t  b o i l i n g  i s  n o t  
l i k e l y  d u r i n g  s t e a d y - s t a t e  c o n d i t i o n s .  The likelihood of boil-  
i n g  d u r i n g  t h e  c l i m b  t r a n s i e n t  c a n n o t  be es tab l i shed  w i t h o u t  
knowledge of heat f l u x  and t empera tu re  histories.  

B o i l i n g  i n  t h e  l i t h i u m  r e s e r v o i r ,  p a r t i c u l a r l y  i f  i n i -  
t i a t e d  a t  t h e  h igh  h e a t  f l u x e s  e n c o u n t e r e d  d u r i n g  t h e  t r a n -  
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s i e n t ,  w i l l  be accompanied  by l a r g e ,  p o s s i b l y  d e s t r u c t i v e ,  
f l u c t u a t i o n s  i n  tempera ture  and p res su re .  S ince  a n a l y s i s  c o u l d  
n o t  d i s c o u n t  the  p o s s i b l i l i t y  o f  b o i l i n g ,  c o n c e p t  C-4 c o u l d  
n o t  be c o n s i d e r e d  f u r t h e r ,  d e s p i t e  i t s  d e s i g n  s i m p l i c i t y  and  
c o m p e t i t i v e  weight  and vo  lume. 

Concep t  C-8 ,  a l o n g  w i t h  C-4, e x h i b i t s  t h e  l o w e s t  s y s t e m  
and  d i sp l aced  f u e l  w e i g h t  o f  a l l  t h e  c a n d i d a t e  c o n c e p t s .  By 
i n c o r p o r a t i n g  the l i t h i u m  r e s e r v o i r  and heat pipe w i c k  i n t o  a 
s i n g l e  c o n t a i n m e n t ,  a s  i s  done  i n  c o n c e p t  C-8 ,  s i g n i f i c a n t  
w e i g h t  and  vo lume  s a v i n g s  and  a r e l a t i v e l y  s i m p l e  i n t e r n a l  
d e s i g n  r e s u l t .  A d d i t i o n a l l y ,  t h e  t h i n  (0.050 i n . )  h e a t  pipe 
w i c k  i n  c o n c e p t  C-8  a s s u r e s  t h a t  b o i l i n g  w i l l  n o t  be a problem. 

PREFERRED COOLING CONCEPT 

On t h e  basis  of t h e  c o n s i d e r a t i o n s  w h i c h  h a v e  b e e n  pre- 
s e n t e d  h e r e i n ,  c o n c e p t  C - 8  w a s  s e l ec t ed  a s  t h e  prefer red  
c o o l i n g  s y s t e m  c o n c e p t  which bes t  m e e t s  s p e c i f i e d  d e s i g n  
c r i t e r i a .  

CONCEPTUAL D E S I G N  

I n  t h e  p r e v i o u s  s e c t i o n ,  c o n c e p t  C - 8  w a s  se lec ted  a s  t h e  
preferred c o n c e p t  f o r  f u r t h e r  i n v e s t i g a t i o n ,  f r o m  among the  
c a n d i d a t e  concep t s  which w e r e  cons idered .  Concept C-8 u t i l i z e s  
a n  i n t e g r a l  h e a t  p i p e / r e s e r v o i r  s t r u c t u r e  a r o u n d  a c a r b o n -  
carbon combustion l i n e r  coupled  t o  f o u r  l i t h i u m  vapor  d i s c h a r g e  
nozz le s .  ( F i g u r e  26.) 

A c o n c e p t u a l  d e s i g n  b a s e d  on  c o n c e p t  C-8  w a s  d e v e l o p e d .  
The concep tua l  d e s i g n  operates a t  a tempera ture  a t  which cool- 
i n g  sys tem t h i c k n e s s ,  w e i g h t ,  and  d i sp l aced  f u e l  w e i g h t  a re  
minimized. A l s o ,  d e s i g n  characterist ics w e r e  ana lyzed  i n  m o r e  
d e t a i l  t h a n  for  the c a n d i d a t e  c o o l i n g  concepts .  

A ske tch  of  t h e  c o o l i n g  sys tem c r o s s - s e c t i o n  f o r  the  
concep tua l  d e s i g n  i s  shown i n  F igu re  30. The vapor  space w i d t h  
W,, the  vapor  space t h i c k n e s s  tv, and the r e s e r v o i r  t h i c k n e s s  
ts a r e  v a r i a b l e  parameters t o  be d e t e r m i n e d  as  a f u n c t i o n  of 
o p e r a t i n g  temperature .  A l l  of the other dimensions are f i x e d  
a s  i n d i c a t e d .  A l s o  f i x e d  a r e  t h e  t h i c k n e s s  of t he  c a r b o n -  
c a r b o n  l i n e r  and  t h e  t h i c k n e s s  of t he  t w o  a i r  g a p s  on  e i t h e r  
s i d e  of the c o o l i n g  system. The t h i c k n e s s e s  o f  the ZIRCAR and 
MIN-K thermal i n s u l a t i o n  l a y e r s  around the c o o l i n g  system are 
v a r i a b l e  parameters, t o  be determined as a f u n c t i o n  of tempera- 
t u r e .  
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Figure  30. Cross-Section o f  
Conceptual Design 

HEAT PIPE VAPOR TEMPERATURE -- 
The i n i t i a l  s t e p  i n  t he  a n a l y s i s  w a s  t o  d e t e r m i n e  the  

r e l a t i o n s h i p  between the l i n e r  tempera ture  and the tempera ture  
of t he  h e a t  pipe v a p o r .  F i r s t ,  the  s teady-s ta te  l i n e r  hea t  
f l u x  w a s  c a l c u l a t e d  from E q u a t i o n  (4). Then, the  t e m p e r a t u r e  
drop across the l i n e r  t h i c k n e s s  w a s  c a l c u l a t e d  f r o m  the s tand-  
a r d  heat conduct ion  equat ion .  The tempera ture  drop across the 
a i r  gap  between the l i n e r  and the heat p i p e / r e s e r v o i r  w a s  t hen  
found u s i n g  Equat ion (8). The t empera tu re  drop across the heat 
pipe w a l l  and  w i c k  w a s  t a k e n  t o  be 15"F,  a f i g u r e  which i s  
a c c u r a t e  w i t h i n  3 t o  5 ° F  o v e r  the  l i n e r  t e m p e r a t u r e  r a n g e  
cons idered .  

From the above in fo rma t ion  the heat pipe vapor  tempera ture  
w a s  determined as  a f u n c t i o n  of the l i n e r  tempera ture ,  as shown 
i n  F i g u r e  31. A s  t h e  l i n e r  t e m p e r a t u r e  d r o p s  from 3500°F t o  
3250"F,  t h e  v a p o r  t e m p e r a t u r e  drops b y  more t h a n  700°F f r o m  
2835°F t o  2122°F. Using F igu re  31, F igu re  10, and i n t e g r a t i n g  
C a s e  A E q u a t i o n s  ( 2 ) , ( 3 ) ,  a n d  (4), the  hea t  load a s  a f u n c t i o n  
of vapor  tempera ture  w a s  a l s o  determined.  
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HEAT P I P E  VAPOR TEMPERATURE, O F  

Figure 31. Liner Temperature Versus Heat Pipe Vapor 
Temperature fo r  Conceptual Design 

RIB SPACING - 
T h e  s p a c i n g  between ribs as a f u n c t i o n  of heat pipe vapor  

t empera tu re  w a s  found from Equat ion  (10). The allowable stress 
w a s  t a k e n  as 1 / 2  t h e  t e n s i l e  s t ress  of TZM, a n d  AP i s  the  
d i f f e r e n c e  between the heat pipe vapor  p r e s s u r e  and the e x t e r -  
n a l  s t eady- s t a t e  atmospheric p r e s s u r e  of 0.21 p s i .  As t h e  
vapor  t empera tu re  d rops  f r o m  2835°F t o  2122"F, the r ib  spac ing  
i n c r e a s e s  f r o m  0.26 i n  t o  4.17 i n .  
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VAPOR SPACE THICKNESS 

The th ickness  of t he  vapor space a s  a func t ion  of vapor 
temperature was e s t a b l i s h e d  from cons idera t ion  of h e a t  pipe 
cap i l l a ry  pumping, sonic, and entrainment l i m i t s .  Capillary 
pumping l i m i t  equations were developed using References 6 and 
13. Equations f o r  t he  sonic ,  entrainment,  and b o i l i n g  l i m i t s  
were obtained from Reference 1 2 .  

During steady-state cruise,  lithium vapor flows a x i a l l y  
through t h e  vapor flow passages and then i s  discharged t o  t h e  
atmosphere through the exhaust nozzles. Dur ing  t h i s  phase of 
opera t ion ,  a s  l i q u i d  l i t h ium i s  deple ted  from the  r e s e r v o i r ,  
the liquid-vapor interface moves in to  the coarse-pored reser- 
voir  layer. Capillary pumping i s  then determined by the cap- 
i l l a r y  pressure capabi l i ty  of the coarse pores, ra ther  than the 
f i n e  pores i n  t h e  t h i n  screen  l a y e r  ad jacent  t o  t h e  vapor 
space. 

The coarse-pored layer i s  fabricated from TZM f e l t  of 90% 
porosity and, has an e f fec t ive  pore s i ze  of 190 micron. There- 
fore, the diameter of curvature a t  the liquid-vapor interface 
f o r  c a p i l l a r y  pumping cannot be l e s s  than 190 micron. The 
diameter of c u r v a t u r e  var ies  i n v e r s e l y  w i t h  the c a p i l l a r y  pres- 
su re ,  which i n  t h i s  case i s  equal  t o  the  a x i a l  vapor pressure  
drop. (Liquid flow i s  i n  t he  r a d i a l  d i r e c t i o n ,  and i t s  
pressure drop i s  negligible.)  

Since the flowing lithium vapor i s  saturated and i n  equi- 
librium with i t s  adjacent l iquid,  the vapor temperature i s  a 
d i r e c t  func t ion  of t h e  vapor pressure .  Therefore,  t h e  vapor 
pressure  drop m u s t  be l i m i t e d  t o  keep t h e  vapor temperature 
from decreasing e x c e s s i v e l y  d u r i n g  vapor flow. For l i t h ium,  
t h e  temperature of  s a t u r a t e d  vapor drops 2-3°F f o r  each per 
cent drop i n  vapor pressure. 

I n  es tabl ishing the vapor space thickness from c a p i l l a r y  
pumping considerations, the following c r i t e r i a  were used. 

1. The diameter of curvature m u s t  not f a l l  below 220 micron. 

2. The vapor pressure drop m u s t  not exceed 3%. 

When these  c r i t e r i a  were app l i ed ,  t he  r e s u l t i n g  vapor 
space th icknesses  var ied  from 0.11 i n .  a t  a vapor temperature 
of 2835°F t o  0.50 i n  a t  2122OF. 

Us ing  t hese  va lues  of vapor space th ickness ,  t h e  a x i a l  
h e a t  f l u x ,  sonic  l i m i t ,  and t h e  maximum pore s i z e  f o r  no en- 
trainment were calculated as  a function of vapor temperature. 
Over t h e  vapor temperature range from 2835°F t o  2 1 2 2 ° F  t he  
ax ia l  heat f lux  varied from 1 3 2  Btu/in2-sec t o  35 ftu/in’-sec, 
whi le  t h e  sonic  h e a t  f l u x  ranged from 1668 B t u / i n  -sec t o  128 
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Btu/ in2-sec.  
s o n i c  h e a t  f l u x ,  t h e  s o n i c  l i m i t  w a s  n o t  encountered.  

S ince  the a x i a l  heat f l u x  i s  always less t h a n  the 

Over the s a m e  vapor  tempera ture  range,  the pore s i z e  above 
which e n t r a i n m e n t  o f  t he  l i q u i d  by i t s  v a p o r  c a n  be e x p e c t e d  
v a r i e s  from a minimum o f  282 micron t o  a maximum of 729 micron. 
S ince  the a c t u a l  pore s i z e  i s  190 micron, the en t ra inment  l i m i t  
w a s  n o t  encountered.  

WICK THICKNESS 

T h e  t h i c k n e s s  o f  t h e  h e a t  pipe l i t h i u m - f i l l e d  w i c k  w a s  
m a i n t a i n e d  c o n s t a n t  a t  0.050 i n .  The i n n e r  0.040 i n .  of t h e  
wick  i s  f a b r i c a t e d  f r o m  T Z M  f e l t  of  90% p o r o s i t y ,  and  t he  o u t e r  
0.010 in .  i s  f a b r i c a t e d  f r o m  TZM s c r e e n  o f  65% p o r o s i t y .  C a l -  
c u l a t i o n s  w e r e  c a r r i e d  o u t  t o  compare t h e  s u p e r h e a t  d u e  t o  
s t e a d y - s t a t e  h e a t  f l o w  t h r o u g h  t h e  w i c k  w i t h  t h e  s u p e r h e a t  
r e q u i r e d  for  b o i l i n g  i n  the wick. The b o i l i n g  s u p e r h e a t  c a l c u -  
l a t i o n s  w e r e  p e r f o r m e d  f o r  a d i ame te r  o f  c u r v a t u r e  o f  40 m i -  
cron,  the approximate minimum v a l u e  w h i c h  i s  encountered du r ing  
the c l i m b  t r a n s i e n t .  (See b e l o w . )  A n u c l e a t i o n  s i t e  r a d i u s  o f  
3 micron w a s  assumed. 

Over t h e  vapor  temperature range of 2835°F t o  2122"F, t h e  
wick s u p e r h e a t  v a r i e d  f r o m  9.9"F t o  12.1°F, w h i l e  t h e  supe rhea t  
f o r  b o i l i n g  v a r i e d  from 89.5"F t o  1074'F.  S i n c e  t h e  wick  
s u p e r h e a t  w a s  a lways  w e l l  b e l o w  the supe rhea t  f o r  b o i l i n g ,  the 
b o i l i n g  l i m i t  w a s  n o t  encountered.  

PORE S I Z E  AT I N N E R  WICK LAYER --- - 
A s  w a s  i n d i c a t e d  above, the minimum diameter of c u r v a t u r e  

d u r i n g  s t e a d y - s t a t e  o p e r a t i o n  i s  a t  l ea s t  220 micron. There- 
fo re ,  t he  c o a r s e - p o r e d  T Z M  f e l t  w i t h  190  m i c r o n  pores i s  ade-  
q u a t e  t o  m e e t  s t e a d y - s t a t e  c a p i l l a r y  pumping requirements .  

A second,  f ine-pored w i c k  l a y e r  i s  needed t o  m e e t  c a p i l l -  
ary pressure requirements  d u r i n g  the climb t r a n s i e n t .  During 
t h i s  per iod,  the  f l o w  of  both v a p o r  and  l i q u i d  i s  i n  t h e  r a d i a l  
d i r e c t i o n  a l o n g  a v e r y  s m a l l  f l o w  path, and f r i c t i o n a l  p r e s s u r e  
drops can  be neg lec t ed .  However, a s u b s t a n t i a l  s t a t i c  l i q u i d  
p r e s s u r e  drop d e v e l o p s  as  the r e s u l t  of engine  a c c e l e r a t i o n  and 
g r a v i t y .  T h e  magnitude o f  t h i s  s t a t i c  p r e s s u r e  drop w a s  c a l c u -  
l a t e d  as  a f u n c t i o n  o f  vapor  p r e s s u r e  f o r  the maximum combined 
e n g i n e / g r a v i t y  a c c e l e r a t i o n  of 2.62 g ' s ,  a l o n g  w i t h  t h e  d i a -  
m e t e r  of c u r v a t u r e  needed for c a p i l l a r y  p r e s s u r e  t o  of fse t  t h e  
p r e s s u r e  drop.  

O v e r  t h e  u s u a l  v a p o r  t e m p e r a t u r e  r a n g e ,  t h e  s t a t i c  
p r e s s u r e  d r o p  v a r i e d  from 3.01 p s i  t o  3.33 p s i  w h i l e  t h e  d i a -  
meter of c u r v a t u r e  v a r i e d  from 39.4 micron t o  46.5 micron. The 
e f f e c t i v e  wick pore d iame te r  must be less t h a n  the d iame te r  o f  
c u r v a t u r e .  T h e r e f o r e ,  t h e  e f f e c t i v e  pore s i z e  f o r  t h e  i n n e r  
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wick w a s  s e t  a t  30 mic ron ,  t o  be a c h i e v e d  b y  d r a w i n g  down 
s e v e r a l  l a y e r s  o f  400-mesh screen .  

RESERVOIR THICKNESS 

A s  i n  the ea r l i e r  s t u d i e s ,  the r e s e r v o i r  t h i c k n e s s  t, w a s  
e s t a b l i s h e d  b y  e q u a t i n g  t h e  c o o l i n g  s y s t e m  and l i n e r  thermal  
c a p a c i t y  t o  the t o t a l  thermal load. Express ions  w e r e  deve loped  
f o r  t h e  l i t h i u m  and T Z M  v o l u m e s  a s  a f u n c t i o n  of t h e  r i b  
spacing,  vapor  space t h i c k n e s s ,  and r e s e r v o i r  t h i ckness .  The 
r i b  s p a c i n g  and  v a p o r  space t h i c k n e s s  a r e  a l r e a d y  known as a 
f u n c t i o n  of vapor  space tempera ture .  

The volumes for each c o n s t i t u e n t  w e r e  t h e n  m u l t i p l i e d  by 
t h e  p r o d u c t  of t h e  d e n s i t y  and  u n i t  thermal  capac i ty  (hea t  
absorbed per pound when h e a t i n g  t o  a g i v e n  vapor  tempera ture)  
t o  o b t a i n  t h e  t o t a l  thermal  c a p a c i t y .  E x p r e s s i o n s  u s e d  t o  
c a l c u l a t e  t h e  t e m p e r a t u r e - d e p e n d e n t  t h e r m a l  p roper t ies  a re  
g i v e n  i n  Appendix C. 

T h e  thermal  c a p a c i t y  f o r  l i t h i u m  i n c l u d e s  both s e n s i b l e  
and l a t e n t  h e a t  components .  T h e  thermal  c a p a c i t y  f o r  T Z M ,  
l i t h i u m ,  and  t h e  liner w e r e  added toge ther  and  e q u a t e d  t o  the  
t o t a l  h e a t  load  c o r r e s p o n d i n g  t o  t he  v a p o r  t e m p e r a t u r e  u n d e r  
c o n s i d e r a t i o n .  T h e  r e s u l t i n g  e x p r e s s i o n  w a s  t h e n  s o l v e d  f o r  
t h e  r e s e r v o i r  t h i c k n e s s ,  f r o m  w h i c h  t h e  c o m b i n e d  h e a t  
p i p e / r e s e r v o i r  t h i c k n e s s ,  component weights ,  and thermal capa- 
c i t i e s  c o u l d  t h e n  be c a l c u l a t e d .  

As the vapor  tempera ture  t empera tu re  dropped f r o m  2835°F 
t o  2122"F, the  r e s e r v o i r  t h i c k n e s s  i n c r e a s e d  f r o m  0.384 in .  t o  
0.618 i n .  T h e  i n c r e a s e  i s  d u e  p r i m a r i l y  t o  t h e  h i g h e r  h e a t  
l o a d  a t  l o w e r  v a p o r  ( a n d  l i n e r )  t e m p e r a t u r e s .  T h e  combined 
heat p i p e / r e s e r v o i r  t h i c k n e s s  i n c r e a s e d  from 0.584 in .  t o  1.208 
i n .  T h e  w e i g h t  o f  t he  combined h e a t  p i p e / r e s e r v o i r  ( n o t  i n -  
c l u d i n g  t h e  l i n e r ,  n o z z l e s ,  p lenum,  or  thermal  i n s u l a t i o n )  
r a n g e d  f r o m  a minimum of 1 1 0  l b  a t  2588°F t o  a maximum of 139  
lb.  

The t o t a l  thermal capacity ( e q u a l  t o  the t o t a l  heat l o a d )  
v a r i e d  f r o m  205,000 Btu  a t  a h e a t  pipe v a p o r  t e m p e r a t u r e  of 
2835°F t o  331,000 Btu  a t  2122°F.  T h e  thermal c a p a c i t y  d u r i n g  
t h e  c l i m b  t r a n s i e n t  r a n g e d  from 94,000 Btu  a t  2835°F t o  a 
minimum of  93 ,000  Btu a t  2588°F t o  a maximum of 104 ,000  Btu  a t  
2122°F. Over  t h e  same t e m p e r a t u r e  r a n g e ,  t he  t r a n s i e n t  hea t  
load i n c r e a s e d  from 83,000 Btu t o  104,000 Btu. 

The t r a n s i e n t  thermal c a p a c i t y  w a s  g r e a t e r  t h a n  or  e q u a l  
t o  t h e  t r a n s i e n t  hea t  l o a d  o v e r  the  e n t i r e  v a p o r  t e m p e r a t u r e  
r a n g e  c o n s i d e r e d .  T h e  d e s i g n  o p e r a t i n g  t e m p e r a t u r e  w a s  t h e n  
always reached,  and t h e  d i s c h a r g e  of l i t h i u m  vapor  i n i t i a t e d ,  
a t  o r  s o m e w h a t  a f t e r  t h e  t i m e  when s t e a d y - s t a t e  c r u i s e  c o n d i -  
t i o n s  a r e  reached. T h i s  i s  a d e s i r a b l e  s i t u a t i o n ,  s i n c e  t h e  
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s t e a d y - s t a t e  and t o t a l  c r u i s e  t i m e s  are t h e n  a t  l eas t  e q u a l  t o  
the d e s i g n  v a l u e s .  

THERMAL INSULATION 

Thermal i n s u l a t i o n  requi rements  w e r e  c a l c u l a t e d  u s i n g  the 
s a m e  model  p r e v i o u s l y  employed fo r  c o n c e p t  C-8.  (See F i g u r e  
19.) For each vapor  tempera ture  cons idered ,  the tempera ture  a t  
the i n n e r  ZIRCAR s u r f a c e  w a s  found, a l o n g  w i t h  the t h i c k n e s s  of 
t h e  Z I R C A R  a n d  M I N - K  l aye r s .  The Z I R C A R  w a s  u s e d  f o r  i n s u l a -  
t i o n  t empera tu res  of 2000°F and above,  and the MIN-K for t e m p -  
e r a t u r e s  up t o  2000°F. 

A s  before, i n s u l a t i o n  requi rements  w e r e  determined f o r  a 
t o t a l  i n t e r i o r  heat l eakage  o f  12,000 Btu, of which 10,000 Btu 
o r i g i n a t e s  from the heat p i p e / r e s e r v o i r  and 2000 Btu f r o m  the 
engine  sk in .  Again, 0.34 in .  o f  MIN-K w a s  used under  the sk in .  
Once t h e  i n s u l a t i o n  t h i c k n e s s e s  w e r e  c a l c u l a t e d ,  i n s u l a t i o n  
volumes, weights ,  and thermal capacities c o u l d  be determined.  

The t e m p e r a t u r e  a t  t he  i n n e r  Z I R C A R  s u r f a c e  r a n g e d  from 
29°F b e l o w  the vapor  temperature when t h e  vapor  t empera tu re  w a s  
2835°F t o  52°F  b e l o w  the  v a p o r  t e m p e r a t u r e  a t  2122°F. T h e  
weight  of ZIRCAR dropped from 6.5 l b  a t  2835°F t o  approximately 
z e r o  a t  2122°F.  T h e  w e i g h t  of M I N - K  v a r i e d  f r o m  2.57 lb a t  
2835°F t o  a minimum of 2.56 l b  a t  2588°F t o  a maximum of 3.04 
l b  a t  2122°F. The thermal c a p a c i t y  o f  ZIRCAR v a r i e d  f r o m  2255 
Btu  a t  2835°F t o  zero a t  2122°F. F o r  M I N - K ,  t h e  thermal  
c a p a c i t y  v a r i e d  from 735 Btu a t  2835°F t o  a minimum of 733 Btu 
a t  2588°F t o  a maximum of 870 Btu a t  2122°F. 

DISCHARGE NOZZLES 

The s ize ,  weight ,  and i n s u l a t i o n  requi rements  of t h e  f o u r  
l i t h i u m  vapor  d i s c h a r g e  nozz les  w e r e  c a l c u l a t e d  o v e r  the vapor  
tempera ture  range  of i n t e r e s t .  The n o z z l e  geometry and c a l c u -  
l a t i o n a l  methods used for the i n i t i a l  concept  C-8 n o z z l e  c a l c u -  
l a t i o n s  were a l s o  employed here. The exhaust pressure of 0.411 
ps i  w a s  a l so  re t a ined .  The i n l e t  n o z z l e  width n w a s  v a r i e d  so 
t h a t  the t o t a l  n o z z l e  i n l e t  a rea  w a s  e q u a l  t o  t h e  h e a t  pipe 
v a p o r  space f l o w  area.  T h e  d i s t a n c e  m f r o m  the  i n l e t  t o  t he  
throa t  w a s  t a k e n  be t o  1 / 4  of n. 

As t he  v a p o r  t e m p e r a t u r e  d r o p p e d ,  t h e  n o z z l e s  became 
l a r g e r  d u e  t o  t h e  lower d e n s i t y  o f  t h e  l i t h i u m  v a p o r ,  b u t  t h e  
o v e r a l l  impact on  engine  volume remained minimal.  The n o z z l e  
t h i c k n e s s  i n c r e a s e d  i n  accordance w i t h  the i n c r e a s i n g  t h i c k n e s s  
of the  h e a t  p i p e / r e s e r v o i r  f r o m  0.58 i n .  t o  1 . 2 1  i n .  T h e  
n o z z l e  e x i t  w i d t h  v a r i e d  o v e r  a s m a l l  range f r o m  1.38 in .  t o  a 
maximum of 1.57 i n .  a t  2450'F. A t  t h i s  t e m p e r a t u r e ,  6.7% of 
t h e  e n g i n e  c i r c u m f e r e n c e  w a s  o c c u p i e d  by the  n o z z l e s .  T h e  
pe rcen tage  w a s  less a t  other vapor  temperatures .  
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T h e  t h r o a t  w i d t h  i n c r e a s e d  f r o m  0.086 i n .  t o  0.754 i n .  a s  
t h e  vapor  tempera ture  dropped f r o m  2835°F t o  2122"F, w h i l e  the 
e n t r a n c e  w i d t h  i n c r e a s e d  f r o m  1.48 i n .  t o  3.55 i n .  T h e  n o z z l e  
h a l f  a n g l e  w a s  l ess  t h a n  5 d e g  i n  a l l  cases. 

The weight  of the n o z z l e s  p l u s  plenum ranged from abou t  2 
l b  t o  4 l b  as the vapor  t empera tu re  dropped. Less t h a n  1 / 2  l b  
o f  thermal i n s u l a t i o n  w a s  needed  a r o u n d  t h e  n o z z l e s  i n  a l l  
cases. The thermal c a p a c i t y  of the i n s u l a t i o n  ranged f r o m  110 
Btu t o  1 8 0  Btu.  

COOLING SYSTEM OPTIMIZATION 

T h e  p r e v i o u s l y  d e s c r i b e d  c a l c u l a t i o n s  d e f i n e  t h e  char- 
a c t e r i s t i c s  of t he  c o o l i n g  s y s t e m  c o n c e p t u a l  d e s i g n  a s  a 
f u n c t i o n  of of s t e a d y - s t a t e  heat pipe vapor  temperature .  The 
characterist ics w i t h  the g r e a t e s t  impact on engine  d e s i g n  and 
performance are: system s i z e ,  weight ,  and volume. 

I n  F i g u r e  32,  c o o l i n g  s y s t e m  t h i c k n e s s  i s  p l o t t e d  as  a 
f u n c t i o n  of t h e  h e a t  pipe v a p o r  t e m p e r a t u r e .  T h e  t h i c k n e s s  
reaches a minimum of 1.11 i n .  a t  a b o u t  2600°F. I n  F i g u r e  3 3 ,  
the  t o t a l  s y s t e m  w e i g h t  ( n o t  i n c l u d i n g  the carbon-carbon l i n e r )  
and  t h e  d i s p l a c e d  f u e l  w e i g h t  ( w e i g h t  of f u e l  w h i c h  wou ld  be 
d i s p l a c e d  i f  the excess volume occupied by the c o o l i n g  system 
w e r e  accommodated a t  the expense o f  f u e l )  are  p lo t ted  a g a i n s t  
vapor  temperature .  Again, a minimum i s  e v i d e n t  i n  both c u r v e s  
a t  around 2600"F, where the weight  is  119 l b  and the  d i s p l a c e d  
f u e l  weight  abou t  1 5  lb. 

T h e  optimum v a p o r  t e m p e r a t u r e  a t  w h i c h  c o o l i n g  system 
t h i c k n e s s ,  w e i g h t ,  and  vo lume  (as  e x p r e s s e d  b y  t h e  d i s p l a c e d  
f u e l  w e i g h t )  are  min imized  i s  therefore  2600'F. From F i g u r e  
31, the  a s s o c i a t e d  l i n e r  t empera tu re  is  3405°F. 

The consequences of o p e r a t i n g  a t  below-optimum vapor  t e m -  
p e r a t u r e s  i n  o r d e r  t o  f u r t h e r  reduce  the l i n e r  tempera ture  are  
r e a d i l y  d e t e r m i n e d  from F i g u r e s  31, 32, and  33. I n  Table 19,  
cha rac t e r i s t i c s  of t h e  c o n c e p t u a l  d e s i g n  a r e  compared a t  the  
optimum t e m p e r a t u r e  of 2600°F and  a t  a v a p o r  t e m p e r a t u r e  of 
2300'F. I t  i s  e v i d e n t  t ha t  l i n e r  t empera tu res  l o w e r  t h a n  t ha t  
c o r r e s p o n d i n g  t o  the  optimum h e a t  pipe v a p o r  t e m p e r a t u r e  are 
a t t a i n a b l e  a t  t h e  expense of c o o l i n g  system s i z e  and weight .  

OVERALL CHARACTERISTICS OF O P T I M I Z E D  CONCEPTUAL D E S I G N  
_. 

C h a r a c t e r i s t i c s  of t h e  o p t i m i z e d  c o n c e p t u a l  d e s i g n  a r e  
p resen ted  b e l o w .  (The c h a r a c t e r i s t i c s  a c t u a l l y  cor respond t o  a 
vapor  t empera tu re  of 2588"F, because t h i s  i s  the c loses t  t e m p -  
e r a t u r e  t o  2 6 0 0 ° F  f o r  w h i c h  d e s i g n  c a l c u l a t i o n s  w e r e  
performed ) 
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HEAT P I P E  VAPOR TEMPERATURE, O F  

Figure 32. Cooling System Thickness Versus Heat Pipe Vapor 
Temperature f o r  Conceptual Design 

The r a d i a l  t e m p e r a t u r e  d i s t r i b u t i o n  across t h e  c o o l i n g  
system t h i c k n e s s  is  shown i n  F igu re  34. The tempera ture  a t  the 
l i n e r  i n n e r  s u r f a c e  is  3400°F. I t  drops 280°F across the l i n e r  
t h i c k n e s s  and a n o t h e r  520°F across the f irst  a i r  gap  t o  2600°F 
a t  the  hea t  pipe i n n e r  s u r f a c e .  A f u r t h e r  drop of  12°F t o  
2588°F o c c u r s  across  t h e  w i c k  t h i c k n e s s .  T h e  t e m p e r a t u r e  re- 
mains a t  approx ima te ly  2588°F across the r e s e r v o i r  t h i c k n e s s ,  
and  drops a n o t h e r  28°F across  t h e  s e c o n d  a i r  g a p  t o  2560°F a t  
the i n n e r  s u r f a c e  of the ZIRCAR i n s u l a t i o n .  A f u r t h e r  drop of 
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Figure 33. Cooling System Weight and Displaced 
Fuel Weight Versus Heat Pipe Vapor 
Temperature f o r  Conceptual Design 
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Characteristic 

Liner Temperature, F 
Cooling System Thickness, in. 
Cooling System Weight, lb 
Displaced Fuel Weight, lb 

I I 

Vapor Temperature, F 

2600( Opt imum) 2300 

3405 3300 
1 .I1 1.28 
119 133 
15 37 

A p r e l i m i n a r y  l a y o u t  of the opt imized concep tua l  d e s i g n  is 
g i v e n  i n  F i g u r e  35. O v e r a l l  f e a t u r e s  a r e  i l l u s t r a t e d  i n  t h e  
p i c to r i a l  of F igu re  3 6 .  Major d e s i g n  characterist ics are pre- 
s e n t e d  i n  Table 20. 

TRANSIENT BEHAVIOR 

The d e s i g n  s t u d i e s  which h a v e  been d e s c r i b e d  t h u s  far  have  
a l l  been  based o n  s teady-s ta te  c r u i s e  c o n d i t i o n s .  I n  these 
s t u d i e s ,  t h e  h e a t  loads needed  t o  s i z e  the  l i t h i u m  r e s e r v o i r  
w e r e  e s t i m a t e d  b y  i n t e g r a t i n g  the  l i n e r  hea t  r a t e  a t  a g i v e n  
steady-state l i n e r  tempera ture  o v e r  the t r a n s i e n t  and steady- 
s t a t e  f l i g h t  t i m e s .  

During the t r a n s i e n t  climb pe r iod ,  l i n e r  heat f l u x e s  may 
be s e v e r a l  t i m e s  s t e a d y - s t a t e  v a l u e s ,  caus ing  l i n e r  tempera- 
t u r e s  t o  rise s i g n i f i c a n t l y  above steady-state l e v e l s .  There- 
fo re ,  t r a n s i e n t  s t u d i e s  w e r e  c a r r i ed  o u t  t o  e s t a b l i s h  t h e  
t empera tu re  h i s t o r y  of the optimized concep tua l  d e s i g n  d u r i n g  
and subsequent  t o  the c l i m b  t r a n s i e n t .  

ANALYTICAL MODEL 

A model f o r  the  o n e - d i m e n s i o n a l  a n a l y s i s  of the  c o o l i n g  
s y s t e m  t e m p e r a t u r e  w a s  d e v e l o p e d ,  based  o n  t h e  f i n i t e -  
d i f f e r e n c e  method ( 1 5 ) .  W i t h  t h i s  t e c h n i q u e ,  the  p h y s i c a l  
sys tem i s  d i v i d e d  i n t o  a d i sc re t e  number of segmen t s .  Nodes 
w i t h i n  o r  o n  t h e  b o u n d a r i e s  of the  segmen t s  a r e  a s s i g n e d  a 
t e m p e r a t u r e .  T h e  n e t  hea t  l e a k a g e  i n t o  each segmen t  d u r i n g  a 
specified t i m e  i n t e r v a l  produces a tempera ture  change i n  t ha t  
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HEAT P I P E / R E S E R V O I R  

VAPOR PLENUM 

Figure 36. View o f  Cooling System Conceptual Design Looking Forward 

segment. 
the boundary must be the same. 

A t  segment boundar ies ,  the heat f l o w  t o  and away f r o m  

W i t h  these bas ic  g round  r u l e s ,  the  t e m p e r a t u r e  a t  each 
node a f t e r  a g i v e n  t i m e  i n c r e m e n t  c a n  be e s t i m a t e d  f r o m  the  
t e m p e r a t u r e  a t  t h e  s t a r t  of  t h e  i n c r e m e n t .  T h e  t e m p e r a t u r e  
d i s t r i b u t i o n  through the system i s  t h e n  determined by  "marching 
out' '  the s o l u t i o n ,  increment  by increment .  

T h e  c o o l i n g  sys tem model i s  i l l u s t r a t e d  i n  F i g u r e  37. 
F i v e  basic components h a v e  been inc luded :  the  combustor l i n e r ,  
the a i r  gap, the heat pipe w i c k ,  the heat pipe vapor  space, and 
t h e  l i t h i u m  r e s e r v o i r .  These components  a r e  stacked be tween  
the combustion chamber and the thermal i n s u l a t i o n .  The t i m e -  
and  temperature-dependent heat f l u x  i n c i d e n t  o n  t h e  l i n e r  is 
g i v e n  by the C a s e  B e q u a t i o n s  on page 15. The heat f l u x  l e a v -  
i n g  the r e s e r v o i r  through the thermal i n s u l a t i o n  w a s  assumed t o  
be z e r o .  The i n i t i a l  system t e m p e r a t u r e  w a s  assumed t o  be 
90'F. 
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Table 20. Characteistics o f  Optimized Conceptual Design 

Heat Pipe/Reservoir 
Liner 
Thermal Insulation 

Total 

Heat Pipe/Reservoir 
Nozzles and Plenum 
Thermal Insulation 

Total Cooling System 

Tot a1 
Liner 

Excess Volume 

Displaced Fuel Weight 

Sensible Latent Tot a1 

59,030 134,220 193,250 
33,920 33,920 

2,210 2,210 
95,160 134 , 220 229 , 380 

Weight, lb Volume, in3 

Heat Pipe 

110.3 1803.5 

2.3 38.1 

7.0 792.1 

119.6 2633.7 

26.6 382.0 

146.2 3015.7 

Reservoir 

417.1 

1 TZM Felt TZM Screen 

15.4 

TZM Felt TZM Screen 

Thermal Capacity, Btu 

Thickness, in. 
Porosity, X 
Pore Diameter, micron 

0.040 0.010 

90 65 

190 30 

Heat Pipe/Reservoir Structure 

I I 

0.430 0.010 

90 65 

190 30 
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Tab1 e 20. (continued) 

Heat Leakage to Interior, Btu 

From Heat Pipe/Reservoir 
From Skin 
From Nozzles 

Tot a1 

10,000 
2,000 

2 30 
12,230 

Temperature and Pressure 

Liner Temperature, O F  

Heat Pipe Vapor Temperature, OF 

Heat Pipe Vapor Pressure, psia 

3400 
2588 
25.9 

Lithium Discharge Nozzles 

Number of Nozzles 4 
Total Flow Rate, lb/sec 0.0583 
Nozzle Thickness, in. 0.650 
Nozzle Width at Inlet, n.* 1.623 
Nozzle Width at Throat, in.* 0.182 
Nozzle Width at Exhaust in.* 1.567 
Radial Distance from Inlet to Throat, in. 0.406 
Radial Distance from Throat to Exhaust, in. 9.262 
Nozzle half-angle, deg 4.28 

* Internal dimensions. Add 0.060 in. for external 
dimensions. 
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Table 20. (continued) 

Heat Transport Limits 

Sonic 

Axial Heat Flux, Btu/in2-sec 120.6 
Axial Heat Flux at Sonic Limit, Btu/in2-sec 785.7 

Entrainment 

Pore Diameter for No Entrainment, micron 5282 

Capillary Pumping 

Axial Temperature Drop, O F  6.3 
Diameter of Curvature in TZM Felt, micron 225 
Diameter o f  Curvature in TZM Screen, micron 42 

Boiling 

Superheat in Heat Pipe Wick, O F  11 
Superheat at Which Boiling Starts, O F  218 

There are a t o t a l  o f  1 5  temperature nodes, d i s t r i b u t e d  as 
f o l l o w s :  n o d e s  0 t o  5, l i n e r ;  nodes  6 t o  8 ,  wick;  n o d e s  9 t o  
14, r e s e r v o i r .  The spac ing  Ax between l i n e r  nodes i s  0.150/5 = 
0.030 in . ;  t h e  s p a c i n g  Ay be tween  wick  nodes  i s  0.065/2 = 
0.0325 in . ;  and  t he  s p a c i n g  Az be tween  r e s e r v o i r  nodes  is 
0.455/5 = 0.091 i n .  T h e  v a p o r  space t h i c k n e s s  i s  0.130 i n . ,  
w h i l e  the a i r  gap t h i c k n e s s  L i s  v a r i a b l e .  

T h e  hea t  f l u x  across  the  a i r  g a p  i n c l u d e s  a r a d i a t i o n  
component and a conduct ion component, and i s  the s a m e  on either 
s i d e  of the gap. The gap t h i c k n e s s  i s  a f u n c t i o n  of a n  i n i t i a l  
s p e c i f i e d  v a l u e  and the t empera tu re  expansion c o e f f i c i e n t s  of 
t h e  a d j a c e n t  l i n e r  and  wick  segmen t s .  The minimum g a p  t h i c k -  
n e s s  w a s  t a k e n  a s  0.001 in . ,  which c o r r e s p o n d s  r o u g h l y  t o  the 
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0.150.-4 L k 0 . 0 6 5  40.13k-- 0.455 r- 0.800 + L .1 
Figure 37. Finite-Difference Model for Transient Analysis o f  

Optimized Conceptual Design 

e f f e c t i v e  spac ing  between t w o  40-microinch-f inish s u r f a c e s  i n  
c o n t a c t  u n d e r  z e r o  p r e s s u r e .  A c o n s t a n t  a i r  g a p  t h i c k n e s s  
o p t i o n  w a s  a l s o  i n c l u d e d ,  so t ha t  the e f f e c t  of both f i x e d  and 
v a r i a b l e  a i r g a p s  c o u l d  be assessed. 

The heat f l u x  across the vapor  space between the wick and 
r e s e r v o i r  i n c l u d e s  a r a d i a t i o n  component and a c o n v e c t i o n  com-  
p o n e n t ,  and  i s  t h e  same o n  e i t h e r  s ide  of t h e  v a p o r  space. 
( C o n d u c t i o n  across  t h e  r e l a t i v e l y  t h i c k  v a p o r  space i s  neg-  
lected.) I n i t i a l l y ,  the vapor  tempera ture  and p r e s s u r e  are too 
l o w  t o  s u s t a i n  continuum f l o w ,  and c o n v e c t i v e  heat t r a n s f e r  is  
n e g l i g i b l e .  When the vapor  t empera tu re  rises, c o n v e c t i v e  heat 
t r a n s f e r  g r a d u a l l y  i n c r e a s e s  as t r a n s i t i o n  and  f i n a l l y  con-  
t inuum f l o w  c o n d i t i o n s  are encountered.  

As l o n g  a s  t h e  wick  b o u n d a r y  t e m p e r a t u r e  e x c e e d s  t h a t  of  
t h e  a d j a c e n t  r e s e r v o i r  b o u n d a r y  t e m p e r a t u r e ,  t h e  c o n v e c t i v e  
h e a t  t r a n s f e r  component  w a s  assumed t o  be g i v e n  b y  the  h e a t  
f l u x  c o r r e s p o n d i n g  t o  t h e  s o n i c  l i m i t .  Once the  w i c k  and  
r e s e r v o i r  boundary t empera tu res  become e q u a l ,  r a d i a t i v e  heat 
t r a n s f e r  no l o n g e r  e x i s t s .  Convec t ive  heat t r a n s f e r  w a s  t h e n  
d e t e r m i n e d  b y  e n e r g y  b a l a n c e s  o n  t h e  w i c k  and  r e s e r v o i r  seg- 
ments a d j a c e n t  t o  the vapor  space, s u b j e c t  t o  the c r i t e r i a  t h a t  
t he  h e a t  f l u x  and  t e m p e r a t u r e  a re  t h e  same o n  e i t h e r  s ide  o f  
the vapor  space. 

S o l u t i o n  of the f i n i t e  d i f f e r e n c e  e q u a t i o n s  r e q u i r e s  tha t  
t h e  d e n s i t y ,  s p e c i f i c  h e a t ,  and  thermal  c o n d u c t i v i t y  of  the  
l i n e r ,  w i c k ,  and  r e s e r v o i r  be known a s  a f u n c t i o n  of tempera- 
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t u r e .  This d a t a  for  the carbon-carbon, TZM, and l i t h i u m  which 
comprise t he  model components  w a s  o b t a i n e d  f r o m  Appendix C .  
Average property v a l u e s  for  a component were found by weight ing  
the p r o p e r t y  v a l u e  of a g i v e n  c o n s t i t u e n t  by i t s  volume frac- 
t i o n ,  and summing the weighted v a l u e s  o f  a l l  the c o n s t i t u e n t s .  
One-half of the  TZM r i b  segments spanning the vapor  space w e r e  
a l located t o  the w i c k  and one-ha l f  t o  the r e s e r v o i r .  

During the tempera ture  t r a n s i e n t ,  the  l i t h i u m  p r e s e n t  i n  
the heat pipe wick and r e s e r v o i r  w i l l  m e l t  a t  367°F. The heat 
of f u s i o n  (186 B t u / l b )  w a s  accomodated i n  the model by assuming 
t h a t ,  a t  367"F,  t h e  s p e c i f i c  h e a t  of  l i t h i u m  i s  e q u a l  t o  the  
h e a t  of f u s i o n .  T h a t  i s ,  a t  367"F,  186 Btu i s  r e q u i r e d  t o  
raise the t empera tu re  o f  1 l b  of l i t h i u m  by 1°F. 

T h e  s t a b i l i t y  o f  f i n i t e - d i f  e r e n c e  e q u a t i o n  s o l u t i o n s  
r e q u i r e s  t h a t  the  parameter M = A l l  / aAt  be l a r g e r  t h a n  2, where 
A l l  i s  the segment w i d t h ,  A t  i s  the t i m e  increment ,  and a i s  the 
thermal d i f f u s i v i t y .  maximum allowable t i m e  increment  i s  
t h u s  determined by M, Ak , and a. For the c o o l i n g  system model 
of F igure  37, the wick i s  the c r i t i c a l  component i n  de te rmining  
A t ,  b e c a u s e  of t h e  s m a l l  segment  t h i c k n e s s  by i n  t h e  w i c k .  I t  
w a s  found t h a t  the s t a b i l i t y  of s o l u t i o n s  c o u l d  be a s s u r e d  by 
l e t t i n g  A t  = 0.005 sec. 

8 

The t e m p e r a t u r e  a t  a g i v e n  node  n and  t i m e  t + A t  w a s  
c a l c u l a t e d  f r o m  the f o l l o w i n g  g e n e r a l i z e d  equat ion .  

where t = c u r r e n t  t i m e  
A t  = t i m e  increment  

= t empera ture  a t  node n and t i m e  t + A t  
= t empera ture  a t  node n and t i m e  t Tn 

= t empera ture  a t  node n+a and t i m e  t Tn 
*,+a 
Tn+l = t empera ture  a t  node n+l  and t i m e  t 

= t empera ture  a t  node n-1 and t i m e  t Tn-l 
= thermal c o n d u c t i v i t y  a t  node n and t i m e  t 
= thermal d i f f u s i v i t y  a t  node n and t i m e  t 

kn  
an  
A l l  = d i  t a n c e  between s u c c e s s i v e  nodes 
Mn 
a ,  A, B, C are f u n c t i o n s  of the  node number n 
qn  

= A l l  3 /anAt 

= heat f l u x  a t  node n and t i m e  t 

Equat ion (26)  appl ies  t o  any  node provided  t h a t  v a l u e s  of 
a, A, B, C, qn,  and A l l  f o r  t h a t  node a r e  used .  T h e  v a l u e s  
a s s igned  t o  these parameters f o r  the v a r i o u s  nodes are g i v e n  i n  
Table 21. 
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Table 21. Node Parameters for Equation (26)  

Node qn a A B C AR 

1 

0 

-1 

1 

0 

-1 

-1 

1 

1 

0 

-1 

1 

0 

1 

1 

0 

1 

1 

1 

1 

0 

1 

0 

1 

0 

0 

1 

0 

0 

0 

0 

1 

0 

1 Ax 

0 Ax 

-1 Ax 

1 AY 

0 AY 

-1 AY 

-1 AY 
1 Az 

1 Az 

0 Az 

0 Az 

I n  Table 21, qc has the form 

and qra = r a d i a t i o n  h e a t  f l u x  across a i r  gap  
= r a d i a t i o n  heat f l u x  across vapor  space 

I q r v  5 = heat f l u x  a t  s o n i c  l i m i t  
I qc, = conduct ion  heat f l u x  across a i r  gap 

TRANSIENT STUDIES 

The a n a l y t i c a l  model described i n  the p r e v i o u s  s e c t i o n  w a s  
u s e d  t o  c o n d u c t  t r a n s i e n t  s t u d i e s  of c o o l i n g  sys t em tempera- 
t u r e s .  T h e  t e m p e r a t u r e  h i s t o r y  w a s  d e t e r m i n e d  o v e r  a t i m e  
i n t e r v a l  of 99 sec, c o v e r i n g  the c l i m b  t r a n s i e n t  period of 72 
sec p l u s  27 sec of t h e  s t eady- s t a t e  c r u i s e  phase. I t  w a s  
assumed t h a t ,  when t h e  w i c k  a n d  r e s e r v o i r  t e m p e r a t u r e s  reach 
2600°F and the  d i s c h a r g e  of l i t h i u m  vapor  begins ,  these t e m p -  
e r a t u r e s  remain c o n s t a n t  thereafter a t  2600°F. This is  strict- 
l y t r u e  o n l y i f t h e h e a t f l u x  a t  t h e  s t a r t o f  l i t h i u m d i s c h a r g e  
i s  e q u a l  t o  the  s t e a d y - s t a t e  heat f l u x .  
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I n  t he  s t eady- s t a t e  design s t u d i e s ,  s u f f i c i e n t  s e n s i b l e  
thermal capacity was provided t o  ra i se  the heat pipe tempera- 
ture  t o  the l i t h i u m  discharge temperature a t  72 sec, the end of 
t h e  t r a n s i e n t  c l imb period. I n  t he  t r a n s i e n t  s t u d i e s ,  t he  
l i th ium discharge temperature may be reached before or a f t e r  72 
sec, depending on the actual  temperature h is tory  which develops 
d u r i n g  the t ransient .  

I f  l i t h ium discharge s t a r t s  p r i o r  t o  7 2  sec,  t h e  higher  
h e a t  f l u x e s  d u r i n g  t he  t r a n s i e n t  w i l l  produce a flow r a t e  
higher than the design steady-state value, and the l i t h i u m  w i l l  
be depleted pr ior  t o  f l i g h t  termination. To avoid t h i s  s i tua-  
t ion,  the reservoir  s ize  can be enlarged t o  increase the cool- 
i n g  system thermal capac i ty ,  and hence t h e  time requi red  t o  
" f i l l "  the reservoir  t o  the desired discharge temperature. 

I f  l i t h i u m  discharge s t a r t s  a f t e r  72 sec, more l i t h i u m  is  
present than needed t o  cool the l i n e r  for  the prescribed f l i g h t  
time. I f  t h e  discharge s t a r t s  on ly  a few seconds a f t e r  t he  
s t a r t  of steady-state cruise,  the excess thermal capacity may 
be regarded a s  a d e s i r a b l e  f a c t o r  of  s a f e t y  f o r  t h e  cool ing  
system. O n  t he  o ther  hand, a de l ay  of 10  sec  o r  more i n  t he  
l i t h i u m  discharge time indicates t ha t  the reservoir  s ize  may be 
reduced t o  lower the  cool ing  system thermal capac i ty  and 
weight. 

The t ransient  temperature dis t r ibut ion i s  dependent on the 
thermal resistance of the heat flow path through the l i n e r  and 
cool ing  system, and on t h e  thermal capac i ty  of  t h e  l i t h i u m  
reservoir.  The major contributions to  the thermal resistance 
are the a i r  gap between the l i n e r  and the heat pipe/reservoir,  
and the l i n e r  i t s e l f .  Therefore, the t ransient  s tudies  concen- 
t ra ted on how the peak l i n e r  temperature and l i t h i u m  discharge 
time are  influenced by changes i n  the  a i r  gap and l i n e r  thermal 
resistance,  and i n  the reservoir  thickness. 

Since the a i r  gap resistance i s  affected by the  thickness 
of  t he  a i r  gap and the  e m i s s i v i t y  of  the  boundary sur faces ,  
these parameters were varied d u r i n g  the t ransient  calculat ions.  
The l i n e r  thermal resistance i s  affected by i t s  thickness and 
thermal conduct iv i ty ,  and these  parameters were a l s o  var ied .  

The i n i t i a l  a i r  gap thickness w i l l  generally increase w i t h  
temperature,  s ince  the  TZM hea t  p ipe / r e se rvo i r  has a higher  
expansion coeff ic ient  than the carbon-carbon l iner .  Therefore, 
t h e  conduct ive r e s i s t ance  across  the  a i r  gap increases  w i t h  
time. I n  the t ransient  studies, the i n i t i a l  gap thickness was 
varied. Additionally, some studies were conducted w i t h  a fixed 
gap th ickness  t o  e v a l u a t e  the  impact of a f ixed  gap w i d t h  on 
the peak l i n e r  temperature. 

I n  t he  s teady-s ta te  design s tud ie s ,  an e m i s s i v i t y  of 0.8 
on both of t h e  a i r  gap boundary sur faces  (carbon-carbon and 
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T Z M )  w a s  assumed.  Over  t h e  t e m p e r a t u r e  r a n g e  of  2000°F t o  
3000"F,  the  e m i s s i v i t y  of o x i d a t i o n - r e s i s t a n t  c o a t i n g s  used on 
r e i n f o r c e d  c a r b o n - c a r b o n  i s  a b o u t  0.85 (16).  For the  W-3 
s i l i c i d e  c o a t i n g  used on TZM, the e m i s s i v i t y  a t  2500°F i s  about  
0 . 7 3 .  However,  t h e  a d d i t i o n  of a t i t a n i u m  carb ide  topcoat  
i n c r e a s e s  t h e  e m i t t a n c e  t o  a b o u t  0 . 8 3  ( 7 ) .  I n  t h e  t r a n s i e n t  
s t u d i e s ,  e m i t t a n c e  v a l u e s  o f  0.8 and  0.9 w e r e  u s e d ,  s p a n n i n g  
the probable range of i n t e r e s t .  

The l i n e r  thermal r e s i s t a n c e  i s  lowered by a r e d u c t i o n  i n  
l i n e r  t h i c k n e s s  and a n  i n c r e a s e  i n  the rma l  c o n d u c t i v i t y .  The 
e f f e c t  of each of these o p t i o n s  w a s  s tud ied .  The l i n e r  segment 
t h i c k n e s s  Ax w a s  the parameter which w a s  changed t o  reduce the 
1 i n e r  t h i ckness .  

I f  t h e  t r a n s i e n t  h e a t  l oad  i n c r e a s e s  as  t h e  r e s u l t  of 
d e s i g n  m o d i f i c a t i o n s  which lower  the  l i n e r  t e m p e r a t u r e ,  t h e  
r e s e r v o i r  w i l l  " f i l l  up" more q u i c k l y ,  and  t h e  d i s c h a r g e  of 
l i t h i u m  vapor  w i l l  occur  ear l ie r .  B y  i n c r e a s i n g  the r e s e r v o i r  
t h i ckness ,  the  r e s e r v o i r  w i l l  f i l l  m o r e  s lowly ,  d e l a y i n g  the 
o n s e t  of l i t h i u m  vapor  discharge. The e f fec t  o f  an  i n c r e a s e  i n  
t he  r e s e r v o i r  t h i c k n e s s  w a s  s t u d i e d  b y  v a r y i n g  t h e  r e s e r v o i r  
segment thickness Az. 

Characteristics of 
_. 

T r a n s i e n t  Cases 

A t o t a l  of 18 t r a n s i e n t  cases w e r e  r u n ,  s t a r t i n g  w i t h  
case 3 .  I n  Table  2 2 ,  t he  v a l u e s  of the  v a r i a b l e  d e s i g n  para- 
meters used i n  each case are g iven ,  a l o n g  w i t h  the  c a l c u l a t e d  
peak l i n e r  t empera tu re  and l i t h i u m  d i s c h a r g e  t i m e .  

The f o l l o w i n g  symbols are  used i n  Table 22. 

E = e m i s s i v i t y  of a i r  gap boundary s u r f a c e s  
Ax = segment t h i c k n e s s  i n  l i n e r  
Az = segment t h i c k n e s s  i n  r e s e r v o i r  
1, = i n i t i a l  w i d t h  of v a r i a b l e  t h i c k n e s s  a i r  gap 

1 = w i d t h  of c o n s t a n t  t h i c k n e s s  a i r  gap 
k = thermal c o n d u c t i v i t y  of carbon-carbon l i n e r  
T1 = peak l i n e r  t empera tu re  
t d  = l i t h i u m  d i s c h a r g e  t i m e  

a t  90°F 

I n  case 15, the l i n e r  thermal c o n d u c t i v i t y  i s  a r b i t r a r i l y  
g i v e n  the v a l u e  2k i n  order t o  assess the e f fec t  of i n c r e a s i n g  
l i n e r  c o n d u c t i v i t y .  The v a l u e  of 0.001 in., used i n  some cases 
f o r  1, o r  1, a p p r o x i m a t e s  t h e  e f f e c t i v e  g a p  t h i c k n e s s  fo r  t w o  
40-microinch-f inish s u r f a c e s  i n  c o n t a c t  a t  zero p r e s s u r e  (5) .  

C a s e s  10  and  1 3 ,  w i t h  e m i s s i v i t i e s  of 0.9 and  0.8 and  a 
v a r i a b l e  gap wid th  w i t h  a n  i n i t i a l  t h i c k n e s s  of 0 . 0 3 0  in., are 
m o s t  r e p r e s e n t a t i v e  of t h e  o p t i m i z e d  c o n c e p t u a l  d e s i g n .  T h e  
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Case 

3 
4 

5 

6 

7 
8 

9 

10 

11 
12 
13 

14 

15 
16 

17 
18 

19 

20 

Table 22. Design Parameters, Peak Liner Temperatures, 
and Lithium Discharge Time for Transient Runs 

~ 

E A x ,  in. Az, in. 0' in. 1, in. k T1, O F  td, sec 

0.9 0.030 
0.8 0.030 

0.8 0.030 

0.9 0.030 

0.9 0.030 
0.8 0.030 

0.8 0.030 
0.9 0.030 

0.9 0.030 

0.9 0.030 
0.8 0.030 
0.9 0.024 

0.9 0.030 

0.8 0.030 
0.8 0.030 
0.8 0.030 

0.8 0.030 
0.8 0.030 

0.110 

0.110 

0.091 

0.110 

0.091 

0.091 
0.110 

0.091 

0.091 

0.091 

0.091 

0.091 

0.091 

0.091 

0.110 

0.130 

0.150 

0.160 

0.001 - 
0.001 - 
0.001 - 

- 0.032 

0.032 

- 0.032 

- 0.032 

- 

0.030 - 
0.060 - 
0.001 - 
0.030 - 
0.030 - 
0.030 - 

0.00 

- 0.001 
0.001 

- 0.001 

- 0.001 

k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k(C-C) 
k (C-C) 
k (C-C) 
k (C-C) 

2k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 
k (C-C) 

3854 73 

3886 75 

3959 67 

3844 91 

3863 75 

391 0 81 

3898 99 

3869 76 

3876 78 

3924 65 

391 3 81 

3867 70 

3816 65 

3729 50 

3698 56 

3653 63 

3596 70 

3549 74 

peak t e m p e r a t u r e  i s  i n  t h e  r a n g e  3870°F t o  3910"F,  and  t he  
l i t h i u m  d i s c h a r g e  t i m e  i s  i n  the  r a n g e  76 sec t o  81 sec. Com- 
p a r i s o n  of cases 10 through 1 2  shows tha t  the peak l i n e r  t e m p -  
e r a t u r e  i s  minimized a t  a n  i n i t i a l  gap width of 0.030 in .  

I n  cases 3 t h r o u g h  14,  t h e  v a r i o u s  d e s i g n  parameter 
c h a n g e s  r e s u l t  i n  r e l a t i v e l y  modes t  c h a n g e s  i n  p e a k  l i n e r  
tempera ture  and, w i t h  the excep t ion  of cases 5, 12,  14, and 15, 
t he  l i t h i u m  d i s c h a r g e  t i m e  exceeds 72 sec, t he  s t a r t  of the  
s t e a d y - s t a t e  c r u i s e  per iod.  

C a s e s  1 6 t h r o u g h  20 s h o w  t h a t ,  i f  e v e n  n o m i n a l  c o n t a c t  c a n  
be m a i n t a i n e d  be tween  t he  l i n e r  and  the  h e a t  p i p e / r e s e r v o i r  
d u r i n g  the t r a n s i e n t ,  the peak l i n e r  tempera ture  can  be reduced 
t o  3550°F a t  a l i th ium d i s c h a r g e  t i m e  of 74 sec. However, the 
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r e s e r v o i r  t h i c k n e s s  m u s t  be i n c r e a s e d  b y  76% t o  a c h i e v e  t h i s  
peak tempera ture  reduct ion .  The r e s u l t i n g  i n c r e a s e  o f  l i t h i u m  
i n  the r e s e r v o i r  c o u l d  extend the c o o l i n g  t i m e  d u r i n g  s teady-  
s t a t e  c r u i s e  by a n  e s t i m a t e d  50%. T h e  s t e a d y - s t a t e  l i n e r  
tempera ture  for t h i s  case is  around 3110°F. 

The s l i p - j o i n t  d e s i g n  of F i g u r e  38, w i t h  t h r e e  sepa ra t e  
heat p i p e / r e s e r v o i r  segments h e l d  i n  c o n t a c t  a g a i n s t  the l i n e r  
by c i r c u m f e r e n t i a l  t e n s i o n  s p r i n g s ,  r e p r e s e n t s  one approach t o  
ma in ta in ing  a c o n s t a n t  t h i c k n e s s  a i r  gap. 

Temperature Histories for C a s e  10  --- 
R e p r e s e n t a t i v e  tempera ture  h i s tor ies  for f o u r  key c o o l i n g  

sys tem l o c a t i o n s  a r e  shown i n  F i g u r e  39 f o r  case 10. T h e  
temperature of the i n n e r  l i n e r  s u r f a c e  i n  c o n t a c t  w i t h  combus- 
t i o n  g a s  reaches 2000°F w i t h i n  1 1 / 2  sec. This rapid tempera- 
t u r e  r i se  i s  d e s i r a b l e ,  s i n c e  i t  a c t s  t o  l i m i t  the  l i n e r  h e a t  
f l u x  and  h e n c e  t he  hea t  l o a d .  T h e  t e m p e r a t u r e  c o n t i n u e s  t o  
rise, peaking a t  3869°F a t  abou t  66 sec, t h e n  drops rap id ly  t o  
b e l o w  3500°F a f t e r  t h e  s t a r t  of t h e  c r u i s e  phase a t  72 sec. 
The tempera ture  of the o u t e r  l i n e r  s u r f a c e  follows the g e n e r a l  
t r e n d  of the i n n e r  l i n e r  surface, peaking at 3325°F. 

The t empera tu re  of the o u t e r  wick s u r f a c e  ( a d j a c e n t  t o  the 
v a p o r  space) r ises r a p i d l y  t o  a b o u t  1200°F  a f t e r  1 6  sec,  and  
m o r e  s l o w l y  t o  1313°F  a f t e r  4 7  sec. T h e  s l o w  r i s e  o c c u r s  

TENSION SPRING 

7 HEAT PIPE/RESERVOIR 

Figure 38. Slip-Joint Design Configuration for 
Heat Pipe Cooling System 
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d u r i n g  t h i s  per iod b e c a u s e  h e a t  i s  b e i n g  t r a n s f e r r e d  from t h e  
wick  p r i m a r i l y  a t  t h e  s o n i c  l i m i t .  T h e  wick  t e m p e r a t u r e  i s  
about  1800°F b e l o w  t ha t  of the l i n e r .  A t  47 sec, the tempera- 
t u r e s  o f  the wick and r e s e r v o i r  s u r f a c e s  on e i ther  s i d e  of the 
v a p o r  space become e q u a l ,  and  t h e  hea t  pipe becomes f u l l y  
o p e r a t i o n a l .  Thereafter, the w i c k / r e s e r v o i r  tempera ture  reach- 
es t h e  l i t h i u m  d i s c h a r g e  t e m p e r a t u r e  o f  2600°F a f t e r  76 sec,  
and t h e n  remains cons t an t .  

F o r  t h e  f i r s t  1 2  sec,  t he re  i s  no change  i n  t h e  tempera- 
t u r e  of  t h e  i n n e r  r e s e r v o i r  s u r f a c e .  The t e m p e r a t u r e  t h e n  
s ta r t s  t o  r i se  a s  h e a t  t r a n s f e r  f r o m  the h o t t e r  a d j a c e n t  w ick  
s u r f a c e  i n c r e a s e s .  T h e  r e s e r v o i r  and  wick  t e m p e r a t u r e s  o n  
e i t h e r  s i d e  of the vapor  space merge a t  1313°F a f t e r  47 sec. 

Spacial Temperature  D i s t r i b u t i o n  for Case 10  --- 
I n  F i g u r e  40, t h e  t e m p e r a t u r e  d i s t r i b u t i o n  across  t h e  

c o o l i n g  system t h i c k n e s s  i s  shown a f t e r  s e v e r a l  t i m e  i n t e r v a l s .  
A f t e r  1 sec,  t he  h o t  s i d e  of  t h e  l i n e r  h a s  r i s e n  t o  1860"F,  
w h i l e  t h e  c o l d  s i d e  i s  a t  480°F.  T h e  t e m p e r a t u r e  has n o t  y e t  
changed  i n  t h e  wick  o r  r e s e r v o i r .  A f t e r  25 sec,  t h e  l i n e r  
s u r f a c e  t empera tu res  have r i s e n  t o  3140°F and 2620°F, the wick 
t e m p e r a t u r e  is a r o u n d  1250"F,  and  t h e  r e s e r v o i r  has  reached 
400°F.  A f t e r  47 sec, t h e  l i n e r  su r f ace  t e m p e r a t u r e s  a re  a t  
3820°F and  3120"F,  and  t he  f a c i n g  wick  and  r e s e r v o i r  s u r f a c e s  
h a v e  reached a common tempera ture  of 1313°F. 

A f t e r  66 sec, the l i n e r  tempera ture  h a s  peaked a t  3869"F, 
the  cooler s u r f a c e  i s  a t  3260"F, and the w i c k / r e s e r v o i r  t e m p -  
e r a t u r e  has  r e a c h e d  2240°F. A f t e r  76 sec,  t h e  l i n e r  s u r f a c e  
t e m p e r a t u r e s  a r e  3830°F and  3260"F,  and  t h e  w i c k / r e s e r v o i r  
i n t e r f a c e  tempera ture  has reached the l i t h i u m  d i s c h a r g e  t e m p -  
e r a t u r e  o f  2600°F. F i n a l l y  a f t e r  8 3  sec, t h e  l i n e r  s u r f a c e  
tempera tures  h a v e  dropped t o  3430°F and 3160"F, and the e n t i r e  
r e s e r v o i r  i s  now a t  a uniform t empera tu re  of 2600°F. 

T h e  l a r g e  t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  t h e  l i n e r  
t h i c k n e s s  r e s u l t i n g  f rom the  h i g h  i n i t i a l  h e a t i n g  r a t e  c a n  
produce s i g n i f i c a n t  thermal stress. A f t e r  1 sec, the tempera- 
t u r e  d i f f e r e n c e  i s  1380°F.  From E q u a t i o n  ( 3 8 ) ,  the  t e n s i l e  
thermal stress i s  13,800 p s i  a t  the o u t e r  r a d i u s  of the carbon- 
c a r b o n  l i n e r  and  t h e  c o m p r e s s i v e  s t ress  is 16 ,800  p s i  a t  the  
i n n e r  r ad ius .  When combined w i t h  the  hoop stress of 14,800 ps i  
(see page 33) ,  the  t o t a l  t e n s i l e  stress is  28,600 psi .  

From r e f e r e n c e  9, the  t e n s i l e  s t r e n g t h  of carbon-carbon i s  
32,000 p s i  and the compressive s t r e n g t h  is 23,000 psi .  Pending 
more d e t a i l e d  a n a l y s i s ,  it appears t ha t  thermal stress i n  the 
l i n e r  d u r i n g  t h e  i n i t i a l  phase of f l i g h t  i s  h igh  b u t  tolerable.  
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Comparison of T r a n s i e n t  Histories for  C a s e s  ---- 10, 11, and 1 2  - 
I n  F i g u r e  41, the . inner  s u r f a c e  tempera ture  h i s tor ies  for 

t h e  l i n e r  and  r e s e r v o i r  a r e  shown, i n d i c a t i n g  t h e  e f f e c t  of 
e m i s s i v i t y  and i n i t i a l  a i r  gap w i d t h .  An i n c r e a s e  i n  emiss iv-  
i t y  f r o m  0.8 t o  0.9 (cases 1 3  a n d  1 0 )  r e d u c e s  the  peak  l i n e r  
t e m p e r a t u r e  by a b o u t  40°F  and  r e d u c e s  t h e  l i t h i u m  d i s c h a r g e  
t i m e  b y  6 sec. An i n c r e a s e  i n  t h e  i n i t i a l  a i r  g a p  w i d t h  f r o m  
0.001 i n .  t o  0.030 i n .  (cases  1 2  a n d  1 0 )  r e d u c e s  t h e  p e a k  l i n e r  
t e m p e r a t u r e  by a b o u t  50°F w h i l e  i n c r e a s i n g  the l i t h i u m  d i s -  
charge  t i m e  by 11 sec. 

T h e  l i n e r h e a t  f l u x h i s t o r i e s  a r e g i v e n i n F i g u r e 4 2 .  T h e  
heat f l u x  drops t o  a minimum o f  5 -67 B tu / f t2 - sec  a f t e r  16 sec, 
rises t o  a p e a k  of  96-120 B t u / f t ' - s e c  a f t e r  36 sec,  d r o p s  o f f  
a g a i n  t o  a minimum of 15-17 B t u / f t 2 - s e c  a f t e r  72-73 sec ( the  
end of the c l i m b  t r a n s i e n t ) ,  and f ' n a l l y  r e c o v e r s  t o  approach 
steady-state v a l u e s  o f  25-28 Btu/ft.-sec. The i n c r e a s e  i n  heat 
f l u x  and  hea t  l o a d  r e s u l t i n g  f r o m  a r e d u c t i o n  i n  t h e  thermal  
r e s i s t a n c e  across  t h e  a i r  g a p  i s  c l e a r l y  e v i d e n t .  The t r a n -  
s i e n t  and  t o t a l  hea t  loads  a re  s o m e w h a t  g r e a t e r  t h a n  t h e  i n i -  
t i a l  heat  l o a d  estimates, which were based on i n t e g r a t i n g  the 
heat flux over time at a constant steady-state temperature. 

H e a t  Pipe H e a t  T r a n s p o r t  L i m i t s  - 
During the c l i m b  t r a n s i e n t ,  the heat pipe vapor  and l i q u i d  

f l o w  r a d i a l l y  a l o n g  a v e r y  short  f l o w  path ( less  t h a n  a n  inch ) ,  
and  hea t  f l u x e s  p a r a l l e l  t o  the  f l o w  pa th  a re  v e r y  l o w  ( l e s s  
t h a n  1 Btu/ in2-sec.) .  Therefore, l i m i t a t i o n s  on h e a t  t r a n s p o r t  
d u e  t o  i n a d e q u a t e  c a p i l l a r y  pumping o r  e n t r a i n m e n t  a r e  n o t  
expected.  

T h e  maximum s u p e r h e a t  i n  t he  t h i n  (0.050 i n . )  h e a t  pipe 
wick  i s  e s t i m a t e d  t o  be a r o u n d  f o u r  t i m e s  t h e  s t e a d y - s t a t e  
s u p e r h e a t  of 10°F,  o r  a r o u n d  40°F.  The s u p e r h e a t  a t  which 
b o i l i n g  s tar ts  i s  218°F a t  a vapor  t empera tu re  of 2600°F. (See 
Table 20.) A t  the lower vapor  t empera tu res  encountered  d u r i n g  
t h e  c l i m b  t r a n s i e n t ,  e v e n  h i g h e r  s u p e r h e a t  i s  r e q u i r e d  fo r  
bo i l ing .  Therefore, the i n c e p t i o n  of b o i l i n g  i n  the heat pipe 
wick is  n o t  expec ted  t o  i n h i b i t  heat pipe heat t r a n s p o r t  d u r i n g  
the t r a n s i e n t .  

Concluding Remarks 

The t r a n s i e n t  s t u d i e s  h a v e  shown tha t  the l i n e r  tempera- 
t u r e  of the opt imized  c o n c e p t u a l  d e s i g n  w i l l  exceed 3500°F fo r  
40-50 sec d u r i n g  t h e  c l i m b  t r a n s i e n t ,  p e a k i n g  a t  3800-3900°F. 
G e n e r a l l y ,  the  h e a t  p ipe  v a p o r  t e m p e r a t u r e  a t  which t h e  d i s -  
charge  of l i t h i u m  vapor  is  i n i t i a t e d  (2600°F) i s  reached s h o r t -  
l y  a f t e r  the s ta r t  of the steady-state c r u i s e  phase. The l i n e r  
tempera ture  approaches the s t e a d y - s t a t e  v a l u e s  of 3350-3400°F 
around 1 5  sec a f te r  the start o f  s t e a d y - s t a t e  c r u i s e .  
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Figure 41. Temperature Histories for Cases IO, 11, and 12 
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Figure 42. Liner Heat Flux Histories for Cases IO, 11, and 12 

These results are based on the engine climb trajectory 
given in Appendix A, and can be expected to be modified for 
other trajectories. 

If the liner and heat pipe/reservoir can be maintained in 
contact during flight, the peak liner temperature can be re- 
duced to 3550°F with a lithium discharge time of 74 sec. How- 
ever, a 70% increase in reservoir width is needed to achieve 
this temperature reduction. The steady-state liner temperature 
for this situation approaches 3100°F. 
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ASSESSMENT O F  CONCEPT POTENTIAL 

INTRODUCTION 

A t  hypersonic c r u i s e  speeds on t h e  order  of Mach 6, t he  
temperature of scramjet  combustor l i n e r s  can exceed 4000°F. 
Even h igher  l i n e r  temperatures a r e  probable during t h e  t r an -  
s i en t  climb phase. Because of i t s  excel lent  high temperature 
strength properties,  coated carbon-carbon has been considered 
f o r  use a s  t h e  l i n e r  s t r u c t u r a l  member. However, t h e  upper 
temperature l i m i t  on ava i l ab le  oxidation-resistant coatings i s  
about 3000°F. E f f o r t s  a r e  c u r r e n t l y  under way t o  extend the  
usable  temperature range t o  3500-3700°F. The p resen t  design 
approach i s  t o  use coated carbon-carbon of suf f ic ien t  thickness 
t o  allow for  ablat ion during f l i gh t .  

An a l t e r n a t e  approach t o  l i n e r  design i s  t o  cool the l i n e r  
t o  a temperature a t  which coated carbon-carbon w i l l  s u r v i v e  
without s ign i f icant  ablation. Cooling with l iquid metal heat 
pipes  has  been considered f o r  t h i s  purpose because t h e r e  i s  
then no need for  external pumps o r  power. Additionally, l iquid 
metal heat pipes operate a t  moderate vapor pressures while a t  
elevated temperature, and have the capabi l i ty  t o  transport  heat 
a t  high rates .  

I n i t i a l  studies for  the Naval Surface Weapons Center i n d i -  
cated tha t  a l i n e r  heat pipe cooling system should operate i n  
the temperature range 2200-3000°F. I n  t h i s  temperature range, 
l i t h ium i s  a supe r io r  h e a t  pipe f l u i d ,  and a l s o  e x h i b i t s  sup- 
e r i o r  heat s i n k  characterisics by v i r tue  of i t s  high specif ic  
h e a t  and l a t e n t  h e a t  of vapor iza t ion .  Lithium was t h e r e f o r e  
s e l e c t e d a s  both t h e h e a t  pipe a n d h e a t s i n k  f l u i d .  TZMmolyb- 
denum was then s e l e c t e d  a s  t he  cool ing  system cons t ruc t ion  
m a t e r i a l  because of i t s  compat ib l i ty  with l i t h ium,  good high 
temperature s t r eng th ,  and s u b s t a n t i a l l y  higher t h e r m a l  conduc- 
t i v i t y  than o t h e r  r e f r a c t o r y  a l l o y s .  O n  su r f aces  exposed t o  
the a i r ,  the TZM i s  protected by an oxidation-resistant s i l i -  
cide coating. 

CANDIDATE COOLING CONCEPTS 

F ive  candidate  h e a t  pipe cool ing  concepts f o r  scramjet  
combuster l i n e r s  were considered, based on r e s u l t s  of t he  
e a r l i e r  NSWC studies. One concept u t i l i z e s  the TZM surface of 
t h e  coo l ing  system i t s e l f  a s  t h e  l i n e r .  I n  t h e  o t h e r  four  
concepts,  t h e  cool ing  system surrounds and c o o l s  a carbon- 
carbon l i n e r .  Heat i s  d i s s i p a t e d  from t h e  coo l ing  system by 
one o r  more of t h e  fo l lowing  techniques: an inc rease  i n  temp- 
e r a t u r e  of heat-absorbing components, vapor i za t ion  and d i s -  
charge of t h e  l i t h ium h e a t  pipe f l u i d ,  r a d i a t i o n  from the  
external engine surface t o  the environment. 
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The four cooled carbon-carbon l i n e r  concepts were found t o  
be subs tan t ia l ly  l igh ter ,  with l e s s  volume, than the combined 
l i ne r - coo l ing  system concept. Each of t h e  four cooled l i n e r  
concepts r e l i e s  on the sensible  thermal capacity of the cooling 
system and ad jacent  s t r u c t u r e  t o  absorb t h e  t r a n s i e n t  l i n e r  
heat load generated d u r i n g  the climb phase. The steady-state 
hea t  load generated d u r i n g  t h e  c r u i s e  phase i s  d i s s i p a t e d  by 
r a d i a t i o n  from the  engine su r face  i n  one case,  and by the  
vaporization and discharge of l i t h i u m  i n  the other three cases. 

Both the surface radiator and l i t h i u m  discharge approaches 
t o  steady-state heat dissipation a re  feasible.  Heat dissipated 
from a surface radiator requires t ha t  the heat pipe extend from 
the cooled l i n e r  t o  the external surface. Heat dissipated by 
l i t h i u m  discharge requires only tha t  the heat pipe surround the 
l i n e r ,  with connecting nozzles t o  d i r ec t  the vaporized l i t h i u m  
t o  external o r  in te rna l  surface discharge points. 

For missions of s e v e r a l  minutes dura t ion ,  such a s  have 
been considered here, heat diss ipat ion by lithium vaporization 
and discharge requires l e s s  volume than the surface radiation 
mode. T h i s  f a c t ,  p l u s  t h e  more complex conf igu ra t ion  fo r  
r a d i a t i v e  h e a t  d i s s i p a t i o n ,  l e a d  t o  s e l e c t i o n  of t he  l i t h i u m  
discharge mode. I t  i s  est imated t h a t  vapor i za t ion  and d i s -  
charge of lithium could be the preferable heat diss ipat ion mode 
for f l i g h t  times up t o  10-20 minutes i n  length. 

For longer  missions,  t h e  need t o  accommodate inc reas ing  
q u a n t i t i e s  of l i t h i u m  w i l l  e v e n t u a l l y  cause t h e  weight and 
volume f o r  t h e  l i t h i u m  discharge mode t o  exceed t h a t  f o r  t he  
surface radiation mode, whose weight and volume are  invariant 
w i t h  f l i g h t  time. A t  t h a t  po in t ,  su r f ace  r a d i a t i o n  may w e l l  
become the preferable heat diss ipat ion mode despite i t s  greater 
complexity and impact on engine design. Heat d i s s i p a t i o n  by 
surface radiation may a l s o  be the preferable mode for  missions 
which c a l l  for  reusable equipment capabili ty.  

The t h r e e  cooled carbon-carbon l i n e r  concepts u t i l i z i n g  
the  vapor iza t ion  and discharge of l i t h i u m  f o r  d i s s i p a t i o n  of 
the steady-state heat load d i f f e r  i n  the d e t a i l s  of construc- 
t i o n  of t h e  h e a t  p i p e / r e s e r v o i r  s h e l l  which surrounds t h e  
l iner .  I n  the f i r s t  concept, a conventional heat pipe s t ruc t -  
ure ad jacent  t o  the  l i n e r  t r a n s f e r s  h e a t  i n t o  a s epa ra t e  but  
contiguous l i t h i u m  reservoir  which i s  connected t o  the l i thium 
vapor discharge nozzles. I n  the second concept, the heat pipe 
and r e s e r v o i r  a r e  i n t e g r a t e d  i n t o  a s i n g l e  s t r u c t u r e  w i t h  a 
common vapor flow passage which connects t o  t h e  discharge 
nozzles.  I n  t h e  t h i r d  concept, t h e  h e a t  pipe wick and l i t h i u m  
reservoir a re  combined in to  a s ing le  en t i t y  along with a vapor 
flow passage connected t o  the discharge nozzles. 

The l a t t e r  two concepts,  both of comparable weight and 
volume, were s e l e c t e d  i n  p reference  t o  t h e  sepa ra t e  h e a t  
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pipe/reservoir concept because of lower weight and volume and 
simpler fabrication potent ia l .  The integrated heat pipe/reser- 
v o i r  concept was s e l e c t e d  over  the  even s impler  combined 
wick/reservoir concept because of uncertainty over whether the 
t ransfer  of heat across the r e l a t i v e l y  thick wick/reservoir of 
the l a t t e r  concept could t r igger  destructive boi l ing  during the 
climb t ransient .  

CHARACTERISTICS OF SELECTED SYSTEM CONCEPT - 
The i n t e g r a t e d  h e a t  p i p e / r e s e r v o i r  concept which was 

s e l e c t e d  was analyzed t o  f ind  the  optimum opera t ing  tempera- 
t u r e ,  and then  subjected t o  a t r a n s i e n t  a n a l y s i s  t o  determine 
i s  temperature history. 

The optimum operating temperature, a t  which cooling system 
weight and volume a r e  minimized, i s  about 2600°F. The asso- 
c i a t e d  temperature of t he  carbon-carbon l i n e r  during s teady  
s t a t e  operation i s  aboout 3400 OF. 

Radial a i r  gaps sepa ra t e  t h e  cool ing  system from t h e  
carbon-carbon l i n e r  on one side and from thermal insulat ion on 
the other. These a i r  gaps a re  exposed t o  atmospheric pressure. 
Thus, there i s  no net pressure d i f f e r e n t i a l  across the cooling 
system thickness. The carbon-carbon l i n e r  ac ts  as  the pressure 
vessel  t o  contain gas pressure within the combustor. 

The th ickness  of t h e  coo l ing  system between t h e  inner  
r ad ius  of t h e  carbon-carbon l i n e r  and t h e  o u t e r  r ad ius  of t h e  
thermal insulat ion i s  1.1 in., compared t o  a nominal thickness 
of 1.0 i n .  between t h e  same components f o r  t he  re ference  un- 
cooled combustor. The increased volume of the heat-pipe-cooled 
system, i f  accommodated a t  the expense of fue l ,  would displace 
15  l b  of fuel .  The t o t a l  cooling system weight (not including 
the carbon-carbon l i n e r )  i s  120 lb. 

During the i n i t i a l  climb t ransient ,  the l i n e r  temperature 
peaks a t  between 3800°F and 3900"F, the exact values depending 
on such system c h a r a c t e r i s t i c s  a s  t h e  su r face  e m i s s i v i t y  on 
e i the r  side of the a i r  gap between the l i n e r  and heat pipe, the 
i n i t i a l  a i r  gap thickness, and the lithium reservoir  thickness. 
The l i n e r  temperature remains above 3500°F f o r  about 40 sec 
during the climb t ransient  period of 72 sec. 

The discharge of lithium vapor through the exhaust nozzles 
i s  in i t i a t ed  when the vapor temperature reaches 2600°F. This 
occurs between 65 and 99 sec  a f t e r  i n i t i a t i o n  of t h e  climb 
t ransient ,  the precise time again dependent on the previously 
mentioned design character is t ics .  Climb t ra jec tory  modifica- 
t i o n s  which r e s u l t  i n  lower l i n e r  h e a t  f l u x e s ,  and design 
a l t e rna t ives  which permit the l i n e r  and cooling sytem t o  remain 
i n  contact, w i l l  be ref lected i n  lower peak l i n e r  temperatures. 
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INTEGRABILITY AND FABRI CAB1 LITY - 
The heat pipe c o o i i n g  system is  h e a v i e r  and occup ies  m o r e  

volume t h a n  the uncooled l i n e r  and associated i n s u l a t i o n  of the 
r e f e r e n c e  sys t em.  T h e  e x c e s s  w e i g h t  and volume m u s t  be b a l -  
anced a g a i n s t  the r e d u c t i o n  i n  l i n e r  tempera ture  and i n c r e a s e d  
l i n e r  l o n g e v i t y  made possible by i n t r o d u c t i o n  of the  heat pipe 
c o o l i n g  system. 

F a b r i c a t i o n  and i n s t a l l a t i o n  of the l i n e r / c o o l i n g  system 
w i l l  be f a c i l i t a t e d  by the  0.032 in .  gap between the  l i n e r  and 
c o o l i n g  system a t  room temperature .  The f o u r  d i s c h a r g e  n o z z l e s  
ex tending  between the heat pipe c o o l i n g  s h e l l  sur rounding  the 
l i n e r  and  t h e  e n g i n e  s u r f a c e  m u s t  be accommodated w i t h i n  the  
engine  midsect ion.  They occupy 6.7% of the v e h i c l e  c i r c u m f e r -  
ence .  T h e  n o z z l e s  c a n  be loca ted  a t  and  s e c u r e d  t o  a r a d i a l  
b u l k h e a d  a t  t h e  end of o r  b e t w e e n  f u e l  t a n k s ,  w i t h  m i n i m a l  
d i s r u p t i o n  t o  engine  s t r u c t u r a l  design.  To i n s u r e  tha t  there 
i s  no  n e t  r a d i a l  p r e s s u r e  o n  t h e  h e a t  pipe c o o l i n g  s h e l l ,  
small-diameter bleed t u b e s  w i l l  connec t  the a i r  gaps on e i ther  
s ide of the s h e l l  t o  the atmosphere a t  the v e h i c l e  su r face .  

It  appears t h a t  the heat pipe c o o l i n g  s y s t e m  can  be i n t e -  
g r a t e d  w i t h  the engine  s t r u c t u r e  w i t h  minimal  impact on overall 
engine  design.  

T h e  h e a t  pipe c o o l i n g  system i n c l u d e s  th ree  major  sub-  
systems:  the heat p i p e / r e s e r v o i r  s h e l l ,  the vapor  plenum, and 
the d i s c h a r g e  nozz le s .  

The heat p i p e / r e s e r v o i r  she l l  c o n s i s t s  of a s l i g h t l y  coni-  
c a l  doub le  s h e l l  of TZM molybdenum w h i c h  sur rounds  the carbon- 
c a r b o n  l i n e r .  I t  c a n  be f a b r i c a t e d  as  a f l a t  sandwich  s t r u c -  
t u r e  w h i c h  w o u l d  be r o l l e d  t o  t h e  des i r ed  c o n i c a l  shape, a n d  
t h e n  welded t o g e t h e r  a l o n g  a d j a c e n t  l o n g i t u d i n a l  edges.  

T h e  s andwich  s t r u c t u r e  c a n  be sea l ed  s h u t  a t  o n e  end  of 
the  c o n e  b y  w e l d i n g  o n  a n  a n n u l a r  T Z M  sheet.  T h e  r i n g - s h a p e d  
T Z M  p lenum wou ld  be w e l d e d  t o  t he  o the r  end of t he  c o n e ,  w i t h  
p r o v i s i o n  f o r  t h e  v a p o r  space i n  t h e  sandwich  s h e l l  t o  open  
f r e e l y  i n t o  the  plenum. The w i c k  s t r u c t u r e  e x t e n d s  o v e r  t h e  
i n t e r i o r  w a l l s  of the  p lenum t o  a s s u r e  t h a t  the  v a p o r  w i t h i n  
t h e  p lenum i s  i n  e q u i l i b r i u m  w i t h  t h e  l i q u i d  l i t h i u m .  T h e  
s e a l e d  s t r u c t u r e  would  be e v a c u a t e d  and  loaded w i t h  l i t h i u m  
through a separate f i l l  t ube ,  t o  be welded s h u t  a f t e r  loading .  
The f o u r  d i s c h a r g e  n o z z l e s ,  i n c l u d i n g  the r u p t u r e  plates ,  would 
t h e n  be welded i n  place. The bleed t u b e s  w h i c h  ex tend  between 
the  t w o  a i r  g a p s  and  t h e  e x t e r n a l  s u r f a c e  would  be we lded  t o  
each side o f  the c o o l i n g  system. Thermal i n s u l a t i o n  around the 
hea t  p i p e / r e s e r v o i r  and  t h e  d i s c h a r g e  n o z z l e s  wou ld  be added 
a f t e r  i n s  t a  1 1 a t i o n .  
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The system can  be i n s t a l l e d  by s l i d i n g  it o v e r  the carbon- 
carbon l i n e r .  A x i a l  a l i g n i n g  l u g s  on the plenum would f i t  i n t o  
holes i n  a carbon-carbon p l a t e  a t  the a f t  end of the combustor 
s e c t i o n .  A f r o n t  c a r b o n - c a r b o n  c l o s u r e  p l a t e  w i t h  a l i g n i n g  
h o l e s  wou ld  t h e n  be added  a t  t h e  f r o n t  of t h e  sys tem,  the  ho le s  
s l i p p i n g  o v e r  l u g s  on  t h e  f r o n t  end of t h e  system. T h e  d i s -  
charge  n o z z l e s  would be secured  by TZM mounting brackets t o  a 
midsec t ion  bulkhead  of the engine.  

RELIABILITY AND SURVIVABILITY - 
P r i o r  t o  o p e r a t i o n ,  t h e  l i t h i u m  i n  t h e  combus to r  l i n e r  

c o o l i n g  system w i l l  be i n  s o l i d  f o r m ,  and the vapor  space w i l l  
be u n d e r  h i g h  vacuum. I f  a l l  t he  w e l d s  a r e  sound ,  t h e  s y s t e m  
shou ld  remain i n  th i s  c o n d i t i o n  for  a n  i n d e f i n i t e  period pr ior  
t o  use .  

During o p e r a t i o n ,  the system w i l l  a c t i v a t e  a u t o m a t i c a l l y  
a s  h e a t  i n c i d e n t  on  t h e  c o m b u s t o r  l i n e r  p e n e t r a t e s  i n t o  t h e  
c o o l i n g  sys t em.  T h e  s y s t e m  i s  d e s i g n e d  t o  f u n c t i o n  n o r m a l l y  
under  the stresses and a c c e l e r a t i o n s  encountered d u r i n g  f l i g h t .  

I f  a s m a l l  l e a k  s h o u l d  d e v e l o p  i n  t h e  s y s t e m  d u r i n g  
f l i g h t ,  the l i t h i u m  l e a k i n g  o u t  w i l l  a c t  t o  lower system pres- 
s u r e  and  t e m p e r a t u r e .  S i n c e  a l l  of t h e  c o o l i n g  c h a n n e l s  a r e  
c o n n e c t e d  t h r o u g h  t h e  p lenum,  t h e  e f f e c t  of a l e a k  i n  one  
channel  w i l l  be shared by a l l .  The system shou ld  t h e n  con t inue  
t o  f u n c t i o n  adequa te ly ,  a t  a s o m e w h a t  lower p r e s s u r e  and temp- 
e r a t u r e  t h a n  normal.  

If the  l e a k  d e v e l o p s  d u r i n g  t he  c l i m b  t r a n s i e n t ,  t h e  
r e s u l t i n g  premature d i s c h a r g e  of l i t h i u m  w i l l  reduce the opera- 
t i n g  t i m e  d u r i n g  which c o o l i n g  i s  e f f e c t i v e .  I f  t h e  l e a k  
d e v e l o p s  d u r i n g  t h e  s t e a d y - s t a t e  c r u i s e  per iod ,  l i t t l e  or  no 
change i n  o p e r a t i n g  t i m e  would be expected because the system 
is d e s i g n e d  t o  discharge l i t h i u m  d u r i n g  t h i s  period. T h e  
l eakage  r a t e  through the discharge nozz1,es w o u l d  t h e n  t end  t o  
be l o w e r  because of the reduced system p r e s s u r e  r e s u l t i n g  f r o m  
the leak, o f f s e t t i n g  the a d d i t i o n a l  discharge path created by 
the leak. 

The combustor c o o l i n g  system is  t h u s  expected t o  be h i g h l y  
r e l i ab le  and s u r v i v a b l e  under  expected f l i g h t  c o n d i t i o n s ,  even  
i f  minor leaks shou ld  develop .  

T h e  s y s t e m  s h o u l d  be d e s i g n e d  so t h a t  a l l  t h e  l i t h i u m  i s  
con ta ined  w i t h i n  the w i c k  and r e s e r v o i r  s t r u c t u r e  a t  the d i s -  
charge temperature .  I f  excess  l i t h i u m  w e r e  p r e s e n t ,  it would 
a c c u m u l a t e  i n  t h e  v a p o r  space  a n d ,  u p o n  o p e n i n g  of t h e  
d i s c h a r g e  n o z z l e s ,  would be rap id ly  dissipated i n t o  the atmos- 
phere. While t h i s  occurrence  i s  p r o b a b l y  t o l e rab le ,  the excess  
l i q u i d  l i t h i u m  r e p r e s e n t s  a n  unnecessary  weight  p e n a l t y  and the 
w a s t e  of a v a l u a b l e  heat s ink .  
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The cooling system has been designed to  avoid the accumu- 
l a t ion  of excess l i th ium by charging the system w i t h  enough t o  
j u s t  f i l l  a l l  t he  wick and r e s e r v o i r  pores a t  t h e  discharge 
temperature of 2600°F. A t  lower temperatures,  t h e  higher  
density of the l iquid l i t h i u m  w i l l  cause it t o  occupy l e s s  than 
the ava i l ab le  volume i n  the wick/reservoir. 

D u r i n g  t he  e a r l y  p a r t  of t h e  cl imb t r a n s i e n t ,  before  t h e  
temperature of the l iquid l i t h i u m  has increased subs tan t ia l ly ,  
the  l iquid-vapor  i n t e r f a c e  w i l l  be w i t h i n  the  coarse-pored 
s e c t i o n s  of t h e  h e a t  pipe and r e s e r v o i r  wicks. I n  t hese  sec- 
tions, the maximum ava i l ab le  c a p i l l a r y  pressure i s  l e s s  than  
the pressure drop produced i n  the l iquid l i t h i u m  by the vehicle 
acceleration. Therefore, the l iqu id  w i l l  be forced toward the 
rear while the interface moves in to  the fine-pored section of 
the  wicks, where s u f f i c i e n t  c a p i l l a r y  pressure  w i l l  be gen- 
e ra t ed  t o  ba lance  the  a c c e l e r a t i o n  pressure  drop. The ne t  
r e s u l t  i s  t ha t  du r ing  the i n i t i a l  pa r t  of the c l i m b  t ransient ,  
the l iquid column w i l l  occupy l e s s  than the f u l l  wick/reservoir 
length. 

This s i tua t ion  can be avoided by increasing the thickness 
of the fine-pored section t o  about 30% of the t o t a l  thickness. 
The liquid-vapor interface w i l l  then l i e  w i t h i n  the fine-pored 
section of the wick during the i n i t i a l  t ransient ,  and cap i l l a ry  
pressure w i l l  be suf f ic ien t  t o  withstand the pressure drop due 
t o  v e h i c l e  a c c e l e r a t i o n  over  t h e  full l i q u i d  column length.  
The required thickness increase can be accomplished i n  the wick 
by doubling the thickness of the fine-pored layer t o  0.020 in .  

This solut ion could a l s o  be applied t o  the reservoir,  b u t  
would r e s u l t  i n  a 30 l b  weight pena l ty .  I n  l i e u  of t h i s  r e se r -  
v o i r  design change, t h e  l i q u i d  column i n  t he  r e s e r v o i r  w i l l  
grow longer a s  t h e  l i t h i u m  temperature inc reases ,  f i n a l l y  
occupying the f u l l  reservoir  length. 

The e f f e c t  of a s h o r t e r  l i q u i d  l i t h i u m  column i n  t he  
r e s e r v o i r  on system temperature d u r i n g  t h e  t r a n s i e n t  i s  ex- 
pected t o  be minimal. Vapor evaporating from the wick surface 
which would o r d i n a r i l y  condense i n  t h e  now empty r e s e r v o i r  
section w i l l  simply flow t o  where the l iquid heat s i n k  i s  now 
loca ted  and condense there .  Somewhat h igher  system tempera- 
t u r e s  may then be expected, due t o  t h e  h igher  h e a t  f l u x  i n c i -  
dent on the reduced reservoir  heat t ransfer  area. 

I f  experimental investigation of cooling system behavior 
d u r i n g  t h e  s t a r t u p  t r a n s i e n t  r e s u l t s  i n  h ighe r  than expected 
peak temperatures, the a l t e r n a t i v e  approach of redesigning the 
reservoir wick s t ructure  w i t h  a thicker fine-pored layer  would 
then be considered. 
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SAFETY 

S i n c e  t h e  l i t h i u m  c o n t a i n e d  i n  t h e  c o o l i n g  system i s  i n  
s o l i d  f o r m  u n t i l  t he  m e l t i n g  p o i n t  of 367°F has b e e n  reached, 
and the i n t e r n a l  vapor  p r e s s u r e  i s  less t h a n  atmospheric press- 
u r e  u n t i l  the  tempera ture  has exceeded 2400"F, t h e  system poses 
no s a f e t y  r i s k s  d u r i n g  normal h a n d l i n g  and s t o r a g e  a t  ambient  
temperature .  Acc iden ta l  p e n e t r a t i o n  of the system, r e s u l t i n g  
i n  the i n f l o w  o f  a i r ,  c o u l d  produce s o m e  o x i d a t i o n  or  n i t r i d i n g  
o f t h e  s o l i d  l i t h i u m .  T h e  i n f l u x  o f w a t e r  c o u l d  t r i g g e r  amore 
v igo rous  r e a c t i o n ,  and shou ld  be avoided.  

Dur ing  f l i g h t ,  t h e  a c c i d e n t a l  release of l i t h i u m  c o u l d  
t r i g g e r  r e a c t i o n s  w i t h  the  a i r  i n  t h e  a d j a c e n t  a i r  gaps. A 
leak wou ld  p r o d u c e  some l i t h i u m  o x i d e  and  l i t h i u m  n i t r i d e  
smoke, w i t h  l i t t l e  other effect  expected.  However, the effect  
of l i t h i u m  a n d  these compounds on  ca rbon-ca rbon ,  thermal  i n -  
s u l a t i o n ,  and other a d j a c e n t  mater ia ls  shou ld  be e x p l o r e d  f u r -  
ther. A mass ive  release o f  l i t h i u m  cou ld  g e n e r a t e  a s i g n i f i -  
c a n t  q u a n t i t y  of heat through r e a c t i o n s  w i t h  oxygen and n i t r o -  
gen ,  b u t  b e c a u s e  t h e  t o t a l  c h a r g e  of  l i t h i u m  i s  o n l y  a b o u t  1 5  
l b ,  t he  t o t a l  e n e r g y  r e l ease  wou ld  be s m a l l  compared t o  t he  
energy-genera t ing  p o t e n t i a l  of the  engine f u e l .  

COST 

T h e  c o s t  of a cooled c a r b o n - c a r b o n  l i n e r  c a n  be e x p e c t e d  
t o  be lower t h a n  t h a t  o f  a n  u n c o o l e d  l i n e r ,  b e c a u s e  of l ess  
s t r i n g e n t  o p e r a t i n g  t e m p e r a t u r e s  and  m i n i m a l  o r  n e g l i g i b l e  
a b l a t i o n .  However, the  cost of the  h e a t  p i p e / r e s e r v o i r  c o o l i n g  
s y s t e m  mus t  now be added. F a b r i c a t i o n  p r o c e d u r e s  f o r  the  
c o o l i n g  system w i l l  be complicated by the need t o  w o r k  w i t h  T Z M  
molybdenum, a n  oxidat ion-prone mater ia l  a t  e l e v a t e d  tempera- 
t u r e s .  N o n e t h e l e s s ,  these p r o c e d u r e s  a r e  c o n s i d e r a b l y  l e s s  
complex  t h a n  the  t e d i o u s  and  t ime-consuming methods u s e d  t o  
fabricate carbon-carbon s t r u c t u r a l  m e m b e r s .  

O v e r a l l ,  the cost of a c o o l e d  carbon-carbon l i n e r  p l u s  the 
c o o l i n g  system may exceed t h a t  of a n  uncooled l i n e r .  The e x t r a  
cos t  wou ld  be b u y i n g  a lower t e m p e r a t u r e ,  m o r e  d u r a b l e  l i n e r  
w i t h  i n c r e a s e d  r e s i s t a n c e  t o  the  combustion gas  environment .  

RELATION O F  COOLING SYSTEM REQUIREMENTS 
- TO CURRENTSTATE-OF-ART 

Unique Aspects - of Opera t ion  

The combustor l i n e r  c o o l i n g  
c i p l e s  of c a p i l l a r y  pumping a s  
i n c o r p o r a t e s  a number of unique 
heat pipe c o o l i n g  systems. 

system u t i l i z e s  the s a m e  p r i n -  
a r e  u s e d  i n  h e a t  pipes ,  b u t  

f e a t u r e s  n o t  found i n  t y p i c a l  
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The i n t e r n a l  c o n s t r u c t i o n  i t s e l f  i s  unique,  w i t h  a l i t h i u m  
h e a t  s i n k  r e s e r v o i r  s i t u a t e d  across the  l i t h i u m  v a p o r  space 
f r o m  t h e  n o r m a l  h e a t  pipe w i c k .  Two d i s t i n c t  modes of  opera- 
t i o n  are i n v o l v e d .  

I n  Mode A, which e x i s t s  d u r i n g  the c l i m b  t r a n s i e n t ,  h e a t  
i s  t r a n s f e r r e d  r a d i a l l y  across  t h e  v a p o r  space g a p  f r o m  t h e  
w i c k  t o  t h e  r e s e r v o i r  by  e v a p o r a t i o n  and  c o n d e n s a t i o n  o f  t he  
l i t h i u m  heat t r a n s p o r t  E l u i d .  T h e  l i t h i u m  condensate  r e t u r n s  
f r o m  the r e s e r v o i r  t o  the wick v i a  f ine-pored s c r e e n i n g  on the 
s u r f a c e  o f  t h e  r a d i a l  ribs. Vapor and  l i q u i d  f l o w  a r e  t h u s  
restricted t o  the r ad ia l  d i r e c t i o n ,  w i t h  f l o w  path l e n g t h s  of 
f r a c t i o n s  of a n  i n c h .  I n  a d d i t i o n ,  a s t a t i c  l i q u i d  head dev-  
e l o p s  i n  t h e  a x i a l  d i r e c t i o n  a s  a combined r e s u l t  of v e h i c l e  
a c c e l e r a t i o n  and g r a v i t y ,  w h i c h  m a n i f e s t s  i t s e l f  as a substan-  
t i a l  l i q u i d  p r e s s u r e  drop i n  the a x i a l  d i r e c t i o n .  

Mode B o c c u r s  d u r i n g  s t e a d y - s t a t e  c r u i s e ,  a f t e r  t h e  d i s -  
c h a r g e  of l i t h i u m  v a p o r  has  s t a r t e d .  Vapor which e v a p o r a t e s  
from the w i c k  now f l o w s  a x i a l l y  a l o n g  the vapor  space passage,  
and then  r a d i a l l y  through the discharge n o z z l e s  t o  the atmos- 
phere. Liquid l o s t  from the w i c k  by e v a p o r a t i o n  is  r e p l e n i s h e d  
by t h e  r a d i a l  f l o w  of l i q u i d  f r o m  t he  r e s e r v o i r ,  along the  
screened ribs. When the  r e s e r v o i r  has b e e n  deple ted ,  con-  
t i n u i n g  e v a p o r a t i o n  r e s u l t s  i n  the e v e n t u a l  d e p l e t i o n  of l i q u i d  
l i t h i u m  f r o m  t he  w i c k .  I n  Mode B,  there  i s  no a x i a l  l i q u i d  
p r e s s u r e  drop, s i n c e  there is no a c c e l e r a t i o n .  

H e a t  T r a n s p o r t  L i m i t s  

Proper o p e r a t i o n  of t h e  c o o l i n g  s y s t e m  d u r i n g  both the  
c l i m b  t r a n s i e n t  (Mode A )  a n d  s t e a d y - s t a t e  c r u i s e  (Mode B )  
r e q u i r e s  t h a t  hea t  t r a n s p o r t  r a t e s  n o t  e x c e e d  l i m i t s  d u e  t o  
b o i l i n g ,  e n t r a i n m e n t ,  and  l o s s  of c a p i l l a r y  pumping. T h e  
r a d i a l  h e a t  f l u x  i n t o  t h e  c o o l i n g  s y s t e m ,  o n c e  t h e  l i q u i d  
the  w i c k  has  m e l t e d ,  v a r i e s  f r o m  a peak of a b o u t  1 0 0  B t u / f t  
sec d u r i n g  Mode A t o  a r o u n d  26 B t u / f t 2 - s e c  d u r i n g  Mode B. 
These heat f l u x e s  are  w e l l  below l e v e l s  a t  which l i t h ium heat 
pipes h a v e  s u c c e s s f u l l y  operated wi thou t  the i n c e p t i o n  of boil-  
ing. Entrainment  d u r i n g  Modes A and B c a n  be avo ided  by u s i n g  
w i c k  pore s i z e s  below 200 m i c r o n s ,  a r e q u i r e m e n t  r e a d i l y  m e t  
w i t h  200-mesh screening .  

5: 

Dur ing  Mode A, c a p i l l a r y  pumping r e q u i r e m e n t s  a r e  e s t a -  
blished by the a x i a l  l i q u i d  p r e s s u r e  drop due t o  v e h i c l e  accel- 
e r a t i o n  and  g r a v i t y .  C a p i l l a r y  p r e s s u r e  c o r r e s p o n d i n g  t o  a 
w i c k  pore s i z e  u n d e r  40 m i c r o n s  i s  needed  t o  b a l a n c e  t h i s  
p r e s s u r e  drop. Pore diameters of 19  microns h a v e  been ach ieved  
by  d r a w i n g  down m u l t i l a y e r s  of 400-mesh s c r e e n i n g ,  and  e v e n  
smaller pore s izes  are  a v a i l a b l e  i n  spec ia l ly-woven sc reens .  
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Material Compatibility Considerations 

During coo l ing  system opera t ion ,  l i q u i d  l i t h i u m  m u s t  be 
compatible with the TZM containment and wick s t ructures  for a 
period of perhaps 10 minutes a t  peak temperatures of around 
2625°F .  Li th ium-TZM heat pipe operation has been demonstrated 
f o r  thousands of hours a t  2 7 0 0 ' F .  Therefore, l i t h i u m - T Z M  
c o m p a t i b i l i t y  requirements f o r  t he  cool ing  system a r e  w e l l  
w i t h i n  demonstrated capabi l i t i es .  

The e x t e r n a l  TZM su r faces  of t h e  cool ing  system a r e  ex- 
posed t o  a i r  i n  the adjacent gaps, and hence require a protec- 
t i v e  coa t ing  a g a i n s t  oxidat ion.  The molybdenum-disilicide- 
based W-3 coating should adequately meet cooling system requir- 
ements, since t h i s  coating has protected TZM against  oxidation 
f o r  ove r  5 0  hours a t  2 5 9 7 ° F  ( 1 4 ) .  

The heat pipe cooling system has been designed t o  maintain 
the temperature of the carbon-carbon combustor l i n e r  a t  3350-  
3 4 0 0 ° F  d u r i n g  steady-state cruise. During the climb t ransient ,  
the l i n e r  temperature exceeds 3 5 0 0 ° F  for 45-50  seconds, peaking 
a t  3 8 3 0 - 3 9 0 0 ° F .  Through t h e  use of s p e c i a l  designs which 
maintain c o n t a c t  between t h e  l i n e r  and cool ing  system, peak 
l i n e r  temperatures may be reduced t o  3550"F,  and steady-state 
temperatures t o  3100°F .  

The c u r r e n t  ope ra t iona l  temperature l i m i t  of coated 
carbon-carbon i s  around 3 0 0 0 ° F .  Development programs now i n  
progress indicate the potent ia l  for coated carbon-carbon opera- 
t i n g  times of s e v e r a l  hours a t  3 5 0 0 - 3 7 0 0 ° F .  Rea l i za t ion  of 
t h i s  p o t e n t i a l  w i l l  permit t he  development of carbon-carbon 
combustor l in ings  which, i n  conjunction w i t h  heat pipe cooling, 
e x h i b i t  l i t t l e  o r  no recess ion  during missions of t he  type 
which have been considered. 

CONCLUSIONS 

The h e a t  pipe combustor l i n e r  cool ing  system w h i c h  has  
been i n v e s t i g a t e d  l i m i t s  s t eady- s t a t e  l i n e r  temperatures t o  
3400°F o r  l e s s ,  and peak t r a n s i e n t  temperatures t o  the  3 8 0 0 -  
3 9 0 0 ' F  range. More s o p h i s t i c a t e d  designs i n  which t h e  l i n e r  
and cooling system remain i n  contact can reduce these tempera- 
t u r e s  by 3 0 0 ° F .  T h i s  c a p a b i l i t y ,  i n  conjunct ion w i t h  t h e  
success fu 1 development of high-temperature coated carbon-car- 
bon, w i l l  permit the design of combustor l i n e r s  w i t h  l i t t l e  o r  
no recession over mission l ifetimes.  

The a l t e r n a t i v e  approach of  designing uncooled l i n e r s  
r e s u l t s  i n  l i n e r  temperatures wel l  i n  excess of 4 0 0 0 ° F  over the 
en t i r e  mission l i fe t ime,  w i t h  substant ia l  in - f l igh t  ablat ion of 
the l iner .  
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T h e  h e a t  pipe c o o l i n g  s y s t e m  i s  l a r g e l y  compatible w i t h  
mi s s ion  and engine  d e s i g n  needs.  The t o t a l  weight ,  i n c l u d i n g  
t he  l i n e r ,  i s  l e s s  t h a n  150 pounds .  Accommodation of t h e  
c o o l i n g  system volume displaces abou t  15 pounds of f u e l ,  com-  
pared t o  a n  u n c o o l e d  sys t em.  T h e  c o o l i n g  s y s t e m  i s  l a r g e l y  
c o n f i n e d  t o  t h e  r a d i a l  space be tween  t h e  l i n e r  and  f u e l ,  w i t h  
the excep t ion  of the r a d i a l  discharge n o z z l e s  w h i c h  ex tend  t o  
the engine s u r f a c e .  

H e a t  t r a n s p o r t  r e q u i r e m e n t s  of t h e  c o o l i n g  sys tem,  i t s  
c o n f i g u r a t i o n ,  fabr icabi l i ty ,  and c o m p a t i b i l i t y  of the TZM and 
l i t h i u m  u s e d  i n  t h e  sys tem are  c o n s i s t e n t  w i t h  c u r r e n t  tech- 
nology. 

The p r i n c i p a l  u n c e r t a i n t y  re la tes  t o  the lack of o p e r a t i n g  
exper ience  w i t h  the  i n t e g r a l  l i t h i u m  r e s e r v o i r / h e a t  pipe s t r u c -  
t u r e  d u r i n g  the  t r a n s i e n t  and  s t e a d y - s t a t e  phases of f l i g h t .  
Reso lu t ion  of t h i s  u n c e r t a i n t y  r e q u i r e s  expe r imen ta l  demonstra- 
t i o n  of c o o l i n g  concept  f e a s i b i l i t y .  

RE COMMENDAT I ON S 

Experimental  S t u d i e s  

I t  i s  recommended t h a t  a n  e x p e r i m e n t  be c a r r i e d  o u t  t o  
demonstrate  the f e a s i b i l i t y  of the s e l e c t e d  heat pipe combustor 
l i n e r  c o o l i n g  concept .  The tes t  a r t i c l e  would i n c l u d e  a f l a t  
s e c t i o n  of a n  i n t e g r a l  h e a t  p i p e / r e s e r v o i r  c o n n e c t e d  t o  a 
s i n g l e  d i s c h a r g e  nozz le .  I n i t i a l  tests c o u l d  be conducted i n  a 
r a d i a n t  h e a t i n g  f a c i l i t y ,  t o  be f o l l o w e d  by t e s t i n g  i n  a h i g h  
Mach number wind t u n n e l .  

T h e  h e a t  p i p e / r e s e r v o i r  f l u i d  would  n o t  n e c e s s a r i l y  be 
l i t h i u m ,  o r  e v e n  a l i q u i d  m e t a l .  T h e  c r i t i c a l  aspec t  i s  t o  
d e m o n s t r a t e  t h a t  t h e  t e m p e r a t u r e  o f  a n  i n t e g r a l  h e a t  
p i p e / r e s e r v o i r  s t r u c t u r e  s u b j e c t e d  t o  e x t e r n a l  h e a t i n g  can  be 
c o n t r o l l e d  w i t h i n  spec i f i ed  l i m i t s .  The c o n t r o l  mechanism 
would i n i t i a l l y  be the heat a b s o r p t i o n  c a p a b i l i t y  of the s t r u c -  
t u r e ,  f o l l o w e d  b y  t h e  c o n t r o l l e d  d i s c h a r g e  o f  t h e  h e a t  
p i p e / r e s e r v o i r  vapor.  

A l t e r n a t e  Cool inu  ConcePts 

A d d i t i o n a l  s t u d y  of a l t e r n a t e  c a n d i d a t e  c o o l i n g  concept  C- 
4 i s  a l s o  recommended. Concep t  C-8, t h e  prefer red  c o n c e p t ,  
i n c o r p o r a t e s  the  i n t e g r a l  hea t  p i p e / r e s e r v o i r  a r r a n g e m e n t .  
Concept  C-4 employs  a s imple r  a r r a n g e m e n t ,  c o n s i s t i n g  of a 
s i n g l e  combined l i t h i u m  w i c k / r e s e r v o i r  and  a d j a c e n t  v a p o r  
space. I t  w a s  n o t  s e l e c t e d  because of u n c e r t a i n t y  o v e r  whether 
d e s t r u c t i v e  b o i l i n g  c o u l d  o c c u r  i n  t h e  r e l a t i v e l y  t h i c k  
w i c k / r e s e r v o i r  d u r i n g  the c l i m b  t r a n s i e n t .  T r a n s i e n t  s t u d i e s  
of concept  C-4 are  recommended t o  r e s o l v e  t h i s  u n c e r t a i n t y .  I f  
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b o i l i n g  i s  n o t  e n c o u n t e r e d ,  c o n c e p t  C-4 would  r e p r e s e n t  a n  
a t t r a c t i v e  a l t e r n a t i v e  t o  the selected concept .  

S t u d i e s  of a segmented c o o l i n g  system i n  which cont inuous  
c o n t a c t  i s  m a i n t a i n e d  w i t h  t h e  l i n e r  a r e  a l s o  recommended. 
This system has t h e  p o t e n t i a l  t o  reduce peak and s t e a d y - s t a t e  
l i n e r  t empera tu res  by a n o t h e r  300'F. 

Study of the d e s i g n  o p t i o n  i n  which l i t h i u m  is  d i scha rged  
d i r e c t l y  i n t o  the combustion gas  is  a l so  warranted.  P o t e n t i a l  
b e n e f i t s  o f  t h i s  d e s i g n  approach i n c l u d e :  improved  e n g i n e  
i n t e g r a b i l i t y ,  and possible augmentat ion of engine  performance 
from exothermic r e a c t i o n s  of t h e  d ischarged  l i t h i u m  w i t h  n i t r o -  
gen and oxygen. 

F i n a l l y ,  l o n g e r  m i s s i o n  f l i g h t  t i m e s  w i l l  e n h a n c e  the  
a t t r a c t i v e n e s s  of concept  C-7, i n  which the s t e a d y - s t a t e  heat 
l o a d  i s  d i s s i p a t e d  b y  a s u r f a c e  r ad ia to r .  F u r t h e r  s t u d i e s  of  
t h i s  concept  f o r  such mis s ions  i s  recommended. 
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PART I1 

FIEAT PIPE COOLING FOR LEADING EDGE OF ENGINE INLET 



INTRODUCTION 

T h e  a i r  i n l e t s  of scramjet e n g i n e s  a r e  r e q u i r e d  t o  h a v e  
sharp l e a d i n g  e d g e s  i n  order  t o  maximize c o m p r e s s i o n  of t h e  
i n l e t  a i r .  A s  a r e s u l t ,  aerodynamic hea t  f l u x e s  a t  the l e a d i n g  
e d g e  s t a g n a t i o n  l i n e  may be o n  t h e  order o f  h u n d r e d s  of  
Btu / f t2-sec .  S t agna t ion  l i n e  t empera tu res  of uncooled l e a d i n g  
edges may t h e n  reach s e v e r a l  thousand OF. 

H e a t  p ipe  c o o l i n g  o f  wing  l e a d i n g  e d g e s  of h y p e r s o n i c  
a i r c ra f t  has p r e v i o u s l y  been cons idered  for l e a d i n g  edge r ad i i  
as s m a l l  as 1 / 4  in .  (6). The f e a s i b i l i t y  o f  heat pipe c o o l i n g  
for l e a d i n g  edges has a l s o  been demonstrated,  i n  both r a d i a n t  
h e a t i n g  and wind t u n n e l  tests (17).  The purpose of the s t u d i e s  
reported h e r e i n  w a s  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of hea t  pipe 
c o o l i n g  for s m a l l - r a d i i  l e a d i n g  edges character is t ic  of s c r a m -  
j e t  eng ine  i n l e t s .  

DESIGN CONCEPT 

T h e  d e s i g n  c o n c e p t  which w a s  i n v e s t i g a t e d  i s  shown i n  
F igu re  43. The l e a d i n g  edge w a s  assumed t o  be conf igu red  as a 
t w o - d i m e n s i o n a l  wedge w i t h  a l e a d i n g  e d g e  r a d i u s  of 0.035 i n .  
T h e  o u t e r  s u r f a c e  of t h e  wedge i s  p a r a l l e l  t o  t h e  f l i g h t  d i r -  
e c t i o n ,  and  t h e  i n n e r  s u r f a c e  i n c l i n e s  a t  a n  a n g l e  of 5 deg.  
The a n g l e  of a t tack  w a s  assumed t o  be zero.  

The nose s u r f a c e ,  the o u t e r  s u r f a c e ,  and the i n n e r  s u r f a c e  
of the  l e a d i n g  e d g e  are  s u b j e c t e d  t o  ae rodynamic  h e a t i n g .  A t  
the same t i m e ,  heat is  be ing  radiated away f r o m  these s u r f a c e s .  
The rear s u r f a c e  w a s  assumed t o  be p e r f e c t l y  i n s u l a t e d .  A s  the 
s u r f a c e  t e m p e r a t u r e  i n c r e a s e s ,  t h e  ae rodynamic  h e a t i n g  r a t e  
decreases w h i l e  the radiation heat t ransfer  ra te  increases. A t  
t h e  r a d i a t i o n  e q u i l i b r i u m  t e m p e r a t u r e ,  t h e  a e r o d y n a m i c  and  
r a d i a t i o n  h e a t i n g  ra tes  a re  e q u a l ,  and n e t  heat t r a n s f e r  t o  the 
s u r f a c e  i s  zero.  For  s u r f a c e  t e m p e r a t u r e s  i n  e x c e s s  of t h e  
r a d i a t i o n  e q u i l i b r i u m  tempera ture ,  s u r f a c e  r a d i a t i o n  w i l l  ex- 
ceed a e r o d y n a m i c  h e a t i n g ,  and  t h e  s u r f a c e  t h e n  a c t s  as  a hea t  
diss ipator .  

I n  t h e  d e s i g n  c o n c e p t  u n d e r  c o n s i d e r a t i o n  here ,  hea t  ab- 
sorbed o n  t h e  n o s e  and  i n n e r  s u r f a c e s  i s  t r a n s f e r r e d  t o  the  
o u t e r  s u r f a c e  fo r  d i s s i p a t i o n .  The o u t e r  s u r f a c e  w a s  selected 
as  the  h e a t  s i n k  b e c a u s e  t h e  a e r o d y n a m i c  h e a t i n g  ra te ,  and  
hence the r a d i a t i o n  e q u i l i b r i u m  tempera ture ,  i s  lowest there. 

T o  f a c i l i t a t e  heat t r a n s f e r  f r o m  the heat abso rb ing  s u r -  
faces  t o  t h e  hea t  d i s s i p a t i o n  s u r f a c e ,  t h e  l e a d i n g  e d g e  is 
fabr ica ted  a s  a h e a t p i p e .  T h e h o l l o w  i n t e r i o r  i s  l i n e d w i t h  a 
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F igu re  43. Design Concept f o r  Heat-Pipe-Cooled Engine I n l e t  
Leading Edge 

p o r o u s  w i c k .  L i q u i d  sodium f i l l s  t h e  wick  pores ,  and  sodium 
vapor  occup ies  the remaining i n t e r n a l  volume. 

Heat i n c i d e n t  on the nose and i n n e r  s u r f a c e  i s  t h e n  t r a n s -  
fe r red  t o  t h e  o u t e r  s u r f a c e  w i t h  m i n i m a l  t e m p e r a t u r e  drop by 
e v a p o r a t i o n  of l i q u i d  sodium f r o m  t h e  w i c k  o n  t h e  n o s e  and  
i n n e r  s u r f a c e s  and the subsequent  condensa t ion  of sodium vapor  
on  t h e  w i c k  s e c t i o n  which l i n e s  t h e  o u t e r  s u r f a c e .  Sodium 
condensate  r e t u r n s  through the w i c k  by c a p i l l a r y  a c t i o n  t o  the 
hea t -absorb ing  s u r f a c e s .  

AERODYNAMIC HEATING RATES 

Aerodynamic heat f l u x e s  w e r e  c a l c u l a t e d  a t  the s t a g n a t i o n  
l i n e  of the  l e a d i n g  edge ,  a n d  a t  p o i n t s  2 i n .  a f t  of the  
l e a d i n g  edge on  the i n n e r  and o u t e r  s u r f a c e s .  The heat f l u x e s  
w e r e  o b t a i n e d  f o r  t h e  s a m e  t r a j e c t o r y  c o n d i t i o n s  which w e r e  
u s e d  i n  t h e  combus to r  l i n e r  c o o l i n g  s t u d i e s  of  P a r t  I ,  u s i n g  
the formula 

where q = aerodynamic heat f l u x ,  Btu / f t2-sec  
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h = heat t r a n s f e r  c o e f f i c i e n t ,  l b / f t 2 - s e c  
Hr = r e c o v e r y  e n t h a l p y ,  B t u / l b  
Q = w a l l  e n t h a l p y ,  B t u / l b  

D a t a  on h and H v e r s u s  t i m e  were provided  by the Langley 
Waf1 e n t h a l p y  d a t a  cor responding  t o  specific Research Center .  

s u r f a c e  t empera tu res  w a s  ob ta ined  from a i r  t ab l e s  (18). 

T h e  s t a g n a t i o n  l i n e  h e a t  f l u x  i s  shown a s  a f u n c t i o n  of 
m i s s i o n  t i m e  and  s u r f a c e  t e m p e r a t u r e  i n  F i g u r e  44. S i m i l a r  
d a t a  a r e  g i v e n  i n  F i g u r e  45  f o r  t h e  i n n e r  and  o u t e r  s u r f a c e s .  
T h e  p l o t t e d  p o i n t s  i n  these f i g u r e s  r e p r e s e n t  t h e  o r i g i n a l  
c a l c u l a t e d  aerodynamic h e a t i n g  d a t a .  The c u r v e s  are  p lo t s  of 
e q u a t i o n s  w h i c h  w e r e  f i t t e d  t o  t h e  da t a .  These e q u a t i o n s  a r e  
of the form 

q = a + b t  + c t 2  + (d + e t  + f t 2 ) ( T w  + 460) 

w h e r e  q = aerodynamic heat f lux8  Btu / f t2-sec  
t = e l a p s e d  t i m e ,  sec 
Tw = s u r f a c e  tempera ture ,  OF 
a through f are  c u r v e - f i t t i n g  c o e f f i c i e n t s  

V a l u e s  of the  c u r v e - f i t t i n g  c o e f f i c i e n t s  a r e  g i v e n  i n  
Table 23. 

T h e  h e a t  f l u x  v a l u e s  a t  180  sec w e r e  u s e d  a s  t h e  s t e a d y -  
s t a t e  v a l u e s .  T h e  s t e a d y - s t a t e  h e a t  f l u x  e q u a t i o n s  t a k e  t he  
form 

q = 540.7 - 0.176(Tw + 460) : S t a g n a t i o n  Line  

q = 21.31 - 0.00759(Tw + 460)  : I n n e r  S u r f . ,  --- 2 i n .  back ( 3 1 )  

q = 5.359 - 0.00198(Tw + 460)  : O u t e r  Sur f . ,  --- 2 i n .  b a c k  (32) 

STEADY-STATE D E S I G N  STUDIES 

LEADING EDGE LENGTH 

T h e  l e a d i n g  e d g e  l e n g t h  i s  e q u a l  t o  t he  l e n g t h  r e q u i r e d  
f o r  t he  hea t  a b s o r b e d  a t  t h e  n o s e  and i n n e r  s u r f a c e s  t o  be 
d i s s i p a t e d  b y  r a d i a t i o n  f r o m  t h e  o u t e r  s u r f a c e .  T h e  l e n g t h  
d e c r e a s e s  w i t h  a n  i n c r e a s e  i n  s u r f a c e  t e m p e r a t u r e .  I t  a l s o  

117 



.ATURE , 

0 20 40 60 80 100 120 140 160 180 

TIME, SEC 

F i g u r e  44. Aerodynamic Heat  F l u x  a t  S tagnat ion  L i n e  
o f  Engine I n l e t  Leading Edge 

depends on the extent of rad ia t ive  heat interchange between the 
lead ing  edge sur faces  and ad jacent  engine components. A t  a 
su f f i c i en t ly  high temperature, rad ia t ive  heat t ransfer  from the 
inner surface w i l l  exceed aerodynamic heating to  t h a t  surface. 
The inner  a s  w e l l  a s  t he  ou te r  sur face  w i l l  then a c t  a s  a 
d i ss ipa t ive  heat s i n k  for  heat absorbed a t  the nose surface. 

Radiant interchange w i t h  adjacent surfaces can be charac- 
ter ized by the radiant interchange factor ,  defined here as  the 
r a t io  of the actual  radiation heat  t ransfer  ra te  from a surface 
t o  t h e  r a t e  a t  which r ad ian t  energy i s  emitted from t h a t  s u r -  
face. 
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Table 23. Coefficients for Aerodynamic Heat Flux Equations 

A 
B 
C 

Range * b CXlO dx103 exlo fx108 

769.8 -1.179 -101 .O -600.7 108.0 -7267 
787.7 -1.850 -45.0 -467.4 58.0 -31 00 
802.6 -3.149 94.1 -268.5 10.9 -320 

Stagnation Line 

A 
B 
C 

36.86 -0.260 16.0 -29.9 5.25 -250 
38.42 -0.292 14.25 -23.18 3.35 -195 
32.05 -0.1293 3.87 -12.0 0.5117 -14.83 

~ ~~~ 

* A: Ocsecc4O sec 
* B: 40csecc80 sec 
* C: 80csec~180 sec 

A 
B 
C 

The leading edge length was found from an energy balance 
i n  which t h e  sum of t h e  n e t  h e a t  t r a n s f e r  r a t e s  a t  t h e  nose, 
inner, and outer surfaces i s  equal t o  zero. For each surface, 
t h e  n e t  h e a t  t r a n s f e r  r a t e  e q u a l s  t h e  d i f f e r e n c e  between t h e  
aerodynamic heating ra te  and the radiation heat t ransfer  rate.  
A p o s i t i v e  v a l u e  f o r  t h e  n e t  h e a t  t r a n s f e r  r a t e  denotes t h a t  
the surface i s  acting as  a heat source, while a negative value 
denotes t h a t  the surface i s  acting as  a heat s ink.  

17.01 -0.3068 23.15 -12.82 2.99 -190 
13.76 -0.1707 9.46 -8.216 1.423 -86.0 
8.216 -0.0336 0.985 -3.215 0.1428 -4.117 

From page 30, Reference 6 ,  t h e  n e t  h e a t  t r a n s f e r  r a t e  a t  
the nose surface can be expressed as  



where T, = w a l l  t empera ture  a t  s t a g n a t i o n  l i n e ,  O F  

2 
51, = r a d i a t i o n  in t e rchange  factor for  nose s u r f a c e  

zs = n o s e  r a d i u s ,  i n .  
B = l e a d i n g  edge span,  i n .  
Qn = n e t  h e a t i n g  ra te  on nose s u r f a c e ,  Btu /sec  

= aerodyn. heat f l u x  a t  s t a g n a t i o n  l i n e ,  B t u / f t  -sec 

I n  Equat ion  ( 3 3 ) ,  the tempera ture  o v e r  the nose s u r f a c e  i s  
assumed t o  be cons tan t .  

Performing the energy  b a l a n c e  o v e r  the l e a d i n g  edge su r -  
faces and u s i n g  Equat ion (33 ) ,  it may be shown t h a t  

1 4 4 Q n / B  

0 .381(Ro + Q i ~ ( T W l o o o  ) - (qo + qi) 

L =  4 ( 3 4 )  
+ 460 

where L = l e a d i n g  edge l e n g t h  ( less nose r a d i u s ) ,  i n .  
q, = aerodyn. heat f l u x  on o u t e r  s u r f a c e ,  Btu/ft ;-sec 
q i  = aerodyn. heat f l u x  on i n n e r  s u r f a c e ,  B t u / f t  -sec 
Go = r a d i a t i o n  in t e rchange  factor f o r  o u t e r  s u r f a c e  
s 2 i  = r a d i a t i o n  in t e rchange  factor  for i n n e r  s u r f a c e  

I n  E q u a t i o n s  ( 3 3 )  and ( 3 4 )  the  s u r f a c e  e m i s s i v i t y ,  w i t h  a 
v a l u e  of 0.8, has b e e n  i n c o r p o r a t e d  i n t o  the  r a d i a t i o n  t e r m s .  
I t  w a s  f u r t h e r  assumed t h a t  a l l  s u r f a c e s  a r e  a t  the  same t e m -  
p e r a t u r e  Tw, i g n o r i n g  t e m p e r a t u r e  drops t h r o u g h  t h e  w a l l  and  
w i c k  a t  each s u r f a c e .  Because  of t h e  s m a l l  n e t  h e a t  f l u x  a t  
t h e  i n n e r  a n d  o u t e r  s u r f a c e s ,  t h e  t e m p e r a t u r e  drops  a t  these 
s u r f a c e s  are s m a l l  and m a y  be ignored. The t e m p e r a t u r e  drop a t  
t h e  s t a g n a t i o n  l i n e  (as w i l l  be i n d i c a t e d  s h o r t l y )  is a r o u n d  
70'F. T h e  e f f e c t  of i g n o r i n g  t h e  h i g h e r  t e m p e r a t u r e  on  t h e  
n o s e  s u r f a c e  i s  t o  s o m e w h a t  o v e r e s t i m a t e  t h e  l e n g t h  L f o r  a 
spec i f i ed  s u r f a c e  t e m p e r a t u r e ,  o r ,  f o r  a s p e c i f i e d  l e n g t h ,  t o  
somewhat o v e r e s t i m a t e  the s u r f a c e  tempera tures .  

C a l c u l a t i o n  of the l e a d i n g  edge l e n g t h  r e q u i r e s  t ha t  the  
r a d i a t i o n  i n t e r c h a n g e  f a c t o r s  f o r  each s u r f a c e  be spec i f i ed .  
I n s u f f i c i e n t  in format ion  w a s  a v a i l a b l e  t o  de termine  these fac- 
to r s  e 

For c a l c u l a t i o n a l  purposes ,  the f o l l o w i n g  assumptions w e r e  
made. T h e  o u t e r  s u r f a c e  does n o t  "see" a n y  s u r r o u n d i n g  s u r -  
faces w i t h  which r a d i a t i o n  can  be in te rchanged ,  so tha t  51, = 1. 
I n  F i g u r e  4 6 ,  the  h e a t  t r a n s f e r  r a t e  t o  t h e  n o s e  s u r f a c e  per  
u n i t  span  l e n g t h  i s  shown as a f u n c t i o n  of w a l l  t empera tu re  and 
t h e  r a d i a t i o n  i n t e r c h a n g e  f a c t o r  52,. S i n c e  t h e  h e a t  t r a n s f e r  
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Per Unit Span Length 

r a t e  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  Rn8 $2, w a s  a l s o  t a k e n  t o  be 
e q u a l  t o  1. T h e  r a d i a n t  i n t e r c h a n g e  f a c t o r  S 2 i  f o r  t h e  i n n e r  
s u r f a c e  w a s  a l l o w e d  t o  v a r y  p a r a m e t r i c a l l y  i n  the c a l c u l a t i o n  
of the l e a d i n g  edge l eng th .  

I n  F igu re  47, the l e a d i n g  edge l e n g t h  i s  shown as a func- 
t i o n  of w a l l  t e m p e r a t u r e  f o r  v a r i o u s  v a l u e s  of ai. I t  i s  
d e s i r a b l e  t o  m a i n t a i n  t h e  w a l l  t e m p e r a t u r e  a t  a l e v e l  below 
1750°F, a t  which s u p e r a l l o y  c o n s t r u c t i o n  of the l e a d i n g  edge is  
f e a s i b l e .  For d e s i g n  p u r p o s e s ,  t a k i n g  i n t o  a c c o u n t  t h a t  t h e  
a c t u a l  s t a g n a t i o n  l i n e  tempera ture  w i l l  exceed the i n d i c a t e d  
w a l l  t empera tu res  by the sum of the tempera ture  d rops  through 
t h e  w a l l  and  h e a t  pipe wick ,  a w a l l  t e m p e r a t u r e  of 1650°F  w a s  
s e l e c t e d ,  a l o n g  w i t h  a v a l u e  of 0.5 f o r  S 2 i .  T h e  l e a d i n g  e d g e  
l e n g t h  ( l e s s  t h e  nose r a d i u s )  i s  t h e n  2.0 in .  

MATERIALS SELECTION 

A t  t he  s t e a d y - s t a t e  d e s i g n  t e m p e r a t u r e  l e v e l  of 1650"F,  
s u p e r a l l o y  c o n s t r u c t i o n  appears t o  be f e a s i b l e  f o r  t h e  heat-  
p i p e - c o o l e d  l e a d i n g  edge.  On t h e  bas i s  of p r i o r  s t u d i e s  ( 6 ) ,  
the  s u p e r a l l o y  Haynes 25 w a s  s e l e c t e d  a s  t he  w a l l  a n d  wick  
f a b r i c a t i o n  material ,  and sodium a s  the heat pipe f l u i d .  

1 2 2  
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F i g u r e  47. H e a t  P i p e  C o o l i n g  S y s t e m  L e n g t h  

Haynes 25 is expected to be chemically compatible with 
liquid sodium, and exhibits adequate strength and oxidation 
resistance at anticipated operating temperatures. Sodium poss- 
esses the desired combination of good resistance to boiling and 
moderate vapor pressure at these temperatures. In contrast, 
the low vapor pressure of lithium limits the practicality of 
its use here. Haynes 25 properties were obtained from Refer- 
ence 6, and sodium properties from Reference 11. 

TEMPERATURE DROP AT STAGNATION LINE -- 
The temperature drop through the wall and wick at the 

stagnation line was calculated on the basis of one-dimensional 
cylindrical geometry, using the following equations. 
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+ (37)  

where ATwall = t empera ture  drop through w a l l ,  "F 
ATwick = t empera ture  d r o p  through wick, OF 

= w a l l  t h i c k n e s s ,  i n .  
= wick t h i c k n e s s ,  i n .  

t S  

kS = thermal c o n d u c t i v i t y  Haynes 25, Btu/hr-f t -"F 
kl = thermal c o n d u c t i v i t y  l i q .  sodium, Btu /hr - f t -  "F 

= thermal c o n d u c t i v i t y  of wick, Btu/hr-f t -"F 
@ = wick p o r o s i t y  

T h e  w a l l  t h i c k n e s s  w a s  t a k e n  t o  be 0.010 i n .  T h e  w ick  
t h i c k n e s s  w a s  t a k e n  t o  be 0.011 i n . ,  c o n s i s t i n g  of t w o  l a y e r s  
o f  200-mesh s c r e e n  a d j a c e n t  t o  the  w a l l  and  o n e  l a y e r  of 400- 
mesh s c r e e n .  T h e  wick  p o r o s i t y  w a s  t a k e n  t o  be 0.651. Tw w a s  
t aken  t o  be the d e s i g n  tempera ture  of 1650°F. 

T h e  t e m p e r a t u r e  drops t h r o u g h  t h e  w a l l  and  wick  a t  t he  
s t a g n a t i o n  l i n e  w e r e  found t o  be 

Twick = 37.5"F 

Adding t h e  sum of these t e m p e r a t u r e  drops t o  the  d e s i g n  t e m p -  
e r a t u r e  o f  1650°F  g i v e s  a w a l l  t e m p e r a t u r e  a t  t h e  s t a g n a t i o n  
l i n e  o f  1724°F. 

OX1 DAT I ON 

T h e  o x i d a t i o n  r a t e  of Haynes 25 i s  0.4 mi1 /1000  h r  a t  
1400"F,  a n d  0.9 mi1 /1000  h r  a t  1600°F  ( 6 ) .  A t  t h e  s t a g n a t i o n  
l i n e  tempera ture  of 1724"F, the  o x i d a t i o n  ra te  w a s  e s t i m a t e d  t o  
be o n  t h e  o r d e r  of 4 mi1 /1000  h r ,  o r  l ess  t h a n  0.001 m i l  o v e r  a 
10  m i n u t e  m i s s i o n .  Hence, o x i d a t i o n  of  t h e  h e a t - p i p e - c o o l e d  
l e a d i n g  edge i s  n o t  expec ted  t o  be a problem. 

THERMAL STRESS 

T h e  t h e r m a l  s tress i n  t h e w a l l  a t  t h e  s t a g n a t i o n  l i n e  i s  a 
maximum a t  t h e  i n n e r  r a d i u s ,  and  w a s  c a l c u l a t e d  from t h e  
formula (19)  

where at = thermal stress, p s i  
E = e la s t i c  modulus, ps i  
01 = c o e f f i c i e n t  of expansion,  in . / in . -"F  
v = P o i s s o n ' s  r a t i o  = 0.3 
b = o u t e r  r a d i u s  of nose w a l l  = 0.035 i n .  
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a = i n n e r  r a d i u s  of nose w a l l  = 0.025 in .  

Fo r  Haynes 25, E q u a t i o n  ( 3 8 )  y i e l d s  a thermal  stress of 
4510 psi. Th i s  f i g u r e  may be compared w i t h  a n  e s t i m a t e d  y i e l d  
s t r e n g t h  of 10 ,000  p s i ,  and  a n  es t imated  u l t i m a t e  s t r e n g t h  o f  
30,000 psi ,  for  Haynes 25 a t  1800°F. 

BUCKLING PRESSURE 

T h e  p r e s s u r e  needed  t o  b u c k l e  t h e  n o s e  s e c t i o n  of  t h e  
l e a d i n g  edge w a s  c a l c u l a t e d  f r o m  Equat ion (16)  of Reference 6. 

E - - 
"b 4(1 - v 2 )  ( 3 9 )  

where APb = buck l ing  pressure, atm 
t = w a l l  t h i c k n e s s ,  i n .  
E;' = mean w a l l  r a d i u s ,  i n .  

From Equat ion (39) ,  a p r e s s u r e  d i f f e r e n t i a l  of 11,400 atm 
would  be r e q u i r e d  t o  b u c k l e  t h e  n o s e  s e c t i o n ,  a f i g u r e  f a r  
above a n t i c i p a t e d  s t a g n a t i o n  p r e s s u r e s .  

BENDING STRESS 

A t  1650"F,  t h e  v a p o r  p r e s s u r e  of sodium i s  17.2 p s i .  
S ince  the a i r  p r e s s u r e  sur rounding  the l e a d i n g  edge i s  almost 
zero a t  o p e r a t i o n a l  a l t i t u d e s ,  a p r e s s u r e  d i f f e r e n t i a l  of 
a r o u n d  1 7  p s i  w i l l  e x i s t  ac ross  t h e  l e a d i n g  edge  w a l l .  T h i s  
p r e s s u r e  d i f f e r e n t i a l  w i l l  produce bending stress i n  the w a l l ,  
of magnitude g i v e n  by Equat ion (19)  o f  Reference 6. 

where ab = bending stress, p s i  
AP = p r e s s u r e  d i f f e r e n t i a l  across w a l l ,  ps i  
ts = t h i c k n e s s  of w a l l  & chordwise suppor t ing  ribs, i n .  
Wv = spanwise spac ing  between suppor t ing  ribs, i n .  

L e t t i n g  AP = 17.2 p s i ,  ts = 0.010 in . ,  and  W v  = 0.19 in . ,  
t h e  b e n d i n g  stress f r o m  E q u a t i o n  ( 4 0 )  i s  3440 p s i .  T h e  c o m -  
b i n e d  b e n d i n g  and thermal  s t ress  i s  7950 p s i ,  w e l l  b e l o w  t h e  
y i e l d  and u l t i m a t e  stress f i g u r e s  p r e v i o u s l y  g i v e n  for  Haynes 
25 a t  1800°F.  

Therefore, chordwise ribs O.OlO-in.-thick and spaced 0.19 
in .  apar t  w e r e  i n c l u d e d  i n  the l e a d i n g  edge design.  
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HEAT TRANSPORT LIMITS 

S o n i c ,  e n t r a i n m e n t ,  b o i l i n g ,  and  c a p i l l a r y  pumping h e a t  
t r a n s p o r t  l i m i t s  w e r e  c a l c u l a t e d  and  compared t o  a c t u a l  h e a t  
t r a n s p o r t  rates and/or  re la ted parameters. The c a l c u l a t i o n s  
w e r e  performed on the basis of methods p resen ted  i n  References 
6,  1 2 ,  and  13.  

I t  w a s  assumed t h a t  sodium v a p o r  g e n e r a t e d  a t  t h e  n o s e  
s e c t i o n  of  t h e  l e a d i n g  e d g e  c o n d e n s e s  a t  t h e  same r a t e  o n  t h e  
o u t e r  s u r f a c e ,  and  t h a t  t h e  chordwise f l o w  of  v a p o r  from t h e  
n o s e  s e c t i o n  i s  r e l a t i v e l y  u n a f f e c t e d  b y  t h e  f l o w  of  v a p o r  
be tween t h e  i n n e r  and  o u t e r  s e c t i o n s .  A x i a l  heat  f l u x e s  cor- 
r e s p o n d i n g  t o  t h e  v a p o r  space a rea  a t  t h e  n o s e  s e c t i o n  e x i t  
w e r e  used i n  the c a l c u l a t i o n s .  

The l i q u i d  sodium condensa te  f l o w s  chordwise through the 
w i c k  a l o n g  t h e  o u t e r  s u r f a c e  toward t h e  n o s e ,  a l o n g  t h e  n o s e  
s u r f a c e ,  and  t h e n  a l o n g  t h e  i n n e r  s u r f a c e  toward  t h e  rear  of 
the l e a d i n g  edge. Determinat ion of the c a p i l l a r y  pumping l i m i t  
r e q u i r e d  e v a l u a t i n g  the c a p i l l a r y  p r e s s u r e s  ( e q u a l  t o  the 
d i f f e r e n c e  between the  vapor  and l i q u i d  p r e s s u r e s )  a t  each end 
of the l e a d i n g  edge, and then s e l e c t i n g  the  larger  v a l u e .  

The s o n i c  and en t ra inment  l i m i t s  w e r e  r e p r e s e n t e d  as a x i a l  
heat f l u x e s  (heat t r a n s f e r  ra te  per u n i t  vapor  space area),  and 
compared t o  the a c t u a l  a x i a l  heat f l u x .  The b o i l i n g  l i m i t  w a s  
p re sen ted  as the s u r f a c e  heat f l u x  a t  the w a l l / w i c k  i n t e r f a c e  
a t  which b o i l i n g  i s  i n i t i a t e d ,  and  compared t o  t h e  a c t u a l  n e t  
h e a t  f l u x  a t  t h e  w a l l / w i c k  i n t e r f a c e .  T h e  c a p i l l a r y  pumping 
l i m i t  w a s  p r e s e n t e d  i n  t e r m s  of t he  d i a m e t e r  of  c u r v a t u r e  a t  
the l i q u i d - v a p o r  i n t e r f a c e  needed t o  produce the r e q u i r e d  cap- 
i l l a r y  p r e s s u r e ,  and  compared w i t h  t h e  a c t u a l  e f f e c t i v e  
diameter of the w i c k  pores. 

The a c t u a l  w i c k  pore r a d i u s  a t  the l i q u i d - v a p o r  i n t e r f a c e  
w a s  t aken  t o  be 20 micron, w h i c h  i s  characterist ic of 400-mesh 
s c r e e n i n g .  T h e  f l o w  p a s s a g e  s e c t i o n  o f  t h e  w i c k  c o n s i s t e d  of 
t w o  l a y e r s  of  200-mesh s c r e e n .  T h e  b o i l i n g  l i m i t  w a s  c a l c u -  
l a t e d  f o r a  n u c l e a t i o n s i t e  r a d i u s  of 3 m i c r o n , a n d a  c o n s e r v a -  
t i v e l y  s m a l l  r a d i u s  o f  c u r v a t u r e  of 20 micron. 

R e s u l t s  of the heat t r a n s p o r t  l i m i t  c a l c u l a t i o n s  are g i v e n  
i n  Table 24. I t  i s  e v i d e n t  t h a t  heat t r a n s p o r t  l i m i t s  are n o t  
e n c o u n t e r e d  w i t h i n  t h e  heat-pipe-cooled l e a d i n g  e d g e  u n d e r  
s t e a d y - s t a t e  cond i t ions .  

CONCEPTUAL DESIGN 

The concep tua l  d e s i g n  of the heat-pipe-cooled l e a d i n g  edge 
i s  shown i n  F i g u r e  48. T h e  n o s e  r a d i u s  i s  0.035 i n . ,  and the  
o v e r a l l  chordwise l e n g t h  i s  somewhat more t h a n  2 i n .  T h e  
l e a d i n g  e d g e  i s  f a b r i c a t e d  from Haynes 25, and  sodium i s  t h e  
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Table 24. Heat Transport Limits for Leading Edge 

Axial Heat Flux, Btu/in2-sec 

At Boiling Limit 
Actual 

At Sonic Limit 
At Entrainment Limit 

Surface Heat Flux, 6tu/ft2-sec 

580.5 

226.4 

237.1 

79.0 

At Capillary Pumping Limit 
Wick Pore Radius 

I I Actual 2.51 

Radius of Curvature, micron 

584.5 

20.0 

h e a t  p i p e  f l u i d .  The w a l l  t h i c k n e s s  i s  0.010 in . ,  t h e  wick  
t h i c k n e s s  i s  0.011 in . ,  t h e  end p l a t e  t h i c k n e s s  i s  0.030 in . ,  
and t h e  r i b  t h i c k n e s s  i s  0.010 i n .  The r ibs a r e  s p a c e d  0.19 
in .  a p a r t .  The wick is  f a b r i c a t e d  from t w o  l a y e r s  o f  200-mesh 
screen and one l a y e r  o f  400-mesh screen .  

The w e i g h t  o f  t h e  l e a d i n g  e d g e  c o n c e p t u a l  d e s i g n  i s  0.32 
l b / f t  o f  span l e n g t h ,  and 1.86 l b / f t 2  of  planform a r e a .  

TRANSIENT STUDIES 

S t u d i e s  w e r e  c o n d u c t e d  t o  e s t a b l i s h  1) t h e  t e m p e r a t u r e  
h i s t o r y  o f  the  l e a d i n g  edge ,  and  2 )  i t s  h e a t  t r a n s p o r t  capa -  
b i l i t y ,  d u r i n g  t h e  t r a n s i e n t  phase of  f l i g h t .  

TEMPERATURE HISTORY - 
A n a l y t i c a l  Model 

Key f e a t u r e s  o f  t h e  a n a l y t i c a l  model used t o  p r e d i c t  t h e  
tempera ture  h i s t o r y  o f  t h e  l e a d i n g  edge are shown i n  F igu re  49. 
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Q=O 

Figure 49. Analytical Model for Study of Leading Edge 
Temperature History 

The w a l l  a n d  w i c k  a r e  homogenized i n t o  a s i n g l e  s t r u c t u r e ,  
whose t e m p e r a t u r e - d e p e n d e n t  thermal  proper t ies  a r e  found  by 
w e i g h t i n g  the  proper ty  of each component  by i t s  vo lume  f rac-  
t i o n .  N e t  s u r f a c e  h e a t i n g  r a t e s  (ae rodynamic  h e a t i n g  minus  
r a d i a t i o n )  a t  the nose,  i n n e r ,  and o u t e r  s u r f a c e s  are t i m e -  and 
temperature-dependent .  

T h e  n o s e  s e c t i o n  i s  c h a r a c t e r i z e d  by a mean t e m p e r a t u r e .  
Su r face  and vapor t e m p e r a t u r e s  a t  the  s t a g n a t i o n  l i n e  a r e  
est imated b y  a d d i n g  t o  and  s u b t r a c t i n g  f r o m  the mean tempera- 
t u r e  1 / 2  t he  s t e a d y - s t a t e  tempera ture  drop through t h e  w a l l  and 
w i c k  

Three d i s t i n c t  phases occur  d u r i n g  the tempera ture  t r a n -  
s i e n t .  

I n  Phase 1, the sodium vapor  d e n s i t y  i s  n o t  h i g h  enough t o  
s u s t a i n  continuum f l o w ,  and i n t e r n a l  heat t r a n s f e r  by  vapor iza-  
t i o n  and condensa t ion  of the sodium i s  n e g l i g i b l e .  Each lead- 
i n g  e d g e  s e g m e n t - t h e  n o s e ,  t h e  i n n e r  s u r f a c e ,  and  t h e  o u t e r  
s u r f a c e - i s  heated i n d e p e n d e n t l y ,  a t  a r a t e  d e t e r m i n e d  b y  i t s  
n e t  s u r f a c e  h e a t i n g  r a t e  and  the rma l  c a p a c i t y .  T h e  t he rma l  
capac i ty  of the  n o s e  p o r t i o n  of the  ribs i s  a l l o c a t e d  t o  t h e  
n o s e  s e c t i o n ,  w h i l e  t h e  r e m a i n i n g  r i b  thermal  capac i ty  i s  
d i v i d e d  e q u a l l y  between the i n n e r  and o u t e r  s u r f a c e  s e c t i o n s .  
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I n  Phase 2, t h e  sodium v a p o r  d e n s i t y  i s  h i g h  enough t o  
s u s t a i n  continuum f l o w ,  and a hot  continuum vapor  f r o n t  moves 
i n t o  the l e a d i n g  edge i n t e r i o r  as shown i n  F igure  49. The n e t  
h e a t i n g  r a t e  of  t h e  n o s e  s e c t i o n  i s  now e q u a l  t o  t h e  n e t  s u r -  
face h e a t i n g  ra te  less the ra te  of heat removal  by e v a p o r a t i n g  
sodium, which o c c u r s  a t  the  s o n i c  l i m i t .  T h e  t e m p e r a t u r e  
behirid the continuum f r o n t  i s  t a k e n  t o  be uniform and e q u a l  t o  
t h e  t h e  sodium v a p o r  t e m p e r a t u r e .  H e a t  e n t e r s  t h e  con t inuum 
reg ion  f r o m  the nose s e c t i o n  a t  the s o n i c  l i m i t .  Depending on 
t h e  con t inuum t e m p e r a t u r e ,  h e a t  i s  a l s o  added t o  o r  l o s t  f r o m  
t he  con t inuum r e g i o n  v i a  the  p o r t i o n  of t h e  i n n e r  and  o u t e r  
s u r f a c e s  which l i e  w i t h i n  the reg ion .  

Heat a b s o r b e d  w i t h i n  t h e  con t inuum r e g i o n  d u r i n g  a t i m e  
i n c r e m e n t  d t  r a i s e s  t h e  t e m p e r a t u r e  o v e r  l e n g t h  y by d T v ,  and  
ex tends  the continuum r e g i o n  by the l e n g t h  increment  dy. Ahead 
of  the  c o n t i n u u m  f r o n t ,  t h e  i n n e r  and  o u t e r  s u r f a c e  tempera- 
t u r e s  c o n t i n u e  t o  i n c r e a s e  b y  the  same mechanisms a s  i n  
Phase 1. 

I n  Phase 3 ,  t h e  con t inuum r e g i o n  o c c u p i e s  t h e  e n t i r e  
l e n g t h  of  t h e  l e a d i n g  edge ,  and  t h e  e n t i r e  r e g i o n  i s  a t  t h e  
sodium v a p o r  t e m p e r a t u r e .  N o w ,  t h e  n e t  h e a t  i n p u t  r a t e  f r o m  
t h e  nose,  i n n e r ,  and  o u t e r  s u r f a c e s  i s  e q u a l  t o  the r a t e  of 
heat a b s o r p t i o n  i n  the e n t i r e  l e a d i n g  edge s t r u c t u r e .  I n  Phase 
3 o n l y ,  t h e  thermal  c a p a c i t y  of t h e  end p l a t e  i s  added t o  t h e  
t o t a l  thermal capac i ty .  

The e q u a t i o n s  which gove rn  the tempera ture  h i s tory  of the 
l e a d i n g  edge acco rd ing  t o  the a n a l y t i c a l  model w h i c h  has been 
described are l i s t ed  b e l o w .  

C r i t e r i o n  - for  Continuum F l o w  

The o n s e t  of continuum f low,  s i g n i f y i n g  the s t a r t  of Phase 
2, w a s  e s t i m a t e d  t o  o c c u r  when t he  mean f r ee  pa th  i n  sodium 
v a p o r  i s  0.01 t i m e s  the  v a p o r  space d i m e n s i o n  a t  t h e  n o s e  
s e c t i o n  e x i t .  The r e l a t i o n s h i p  between the mean free path and 
v a p o r  p roper t ies  i s  g i v e n  b y  E q u a t i o n  (36) of R e f e r e n c e  6. 
Using the perfect gas  e q u a t i o n  t o  r e p r e s e n t  the  vapor  d e n s i t y  
and  s e t t i n g  the  mean f r ee  path e q u a l  t o  O . O I D v ,  t he  f o l l o w i n g  
e q u a t i o n  can  be d e r i v e d .  

Tc 

where Dv = minimum vapor  space dimension,  i n .  
1.1, = vapor  v i s c o s i t y ,  lb /hr-f t  
M = m o l e c u l a r  weight  of vapor  
Tc = v a p o r  t e m p e r a t u r e  a t  s t a r t  of con t inuum f l o w ,  O F  

Pc = vapor  p r e s s u r e  a t  Tc, p s i  
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F o r  a g i v e n  D v ,  E q u a t i o n  ( 4 1 )  d e f i n e s  a r e l a t i o n s h i p  
These parameters a l s o  s a t i s f y  t h e  v a p o r  be tween  Tc and  P,. 

p r e s s u r e  e q u a t i o n  

D 
+ 460  

= c -  
10glopc Tc 

where C and  D a r e  c o n s t a n t s  s p e c i f i c  t o  t h e  v a p o r  u n d e r  con-  
s i d e r a t i o n  (12 ) .  

E q u a t i o n s  ( 4 1 )  and  ( 4 2 )  c o n s t i t u t e  a s e t  of  s i m u l t a n e o u s  
e q u a t i o n s  f o r  Tc and  P . These e q u a t i o n s  w e r e  s o l v e d  f o r  
sodium vapor ,  u s i n g  the Eollowing c o n s t a n t s .  

M = 23 
C = 5.6883 
D = 9396 

The minimum vapor  space dimension Dv w a s  v a r i e d  o v e r  t h e  
r a n g e  0.010 t o  0.060 i n .  R e s u l t s  of t he  c a l c u l a t i o n s  w e r e  
c o r r e l a t e d  by the e q u a t i o n  

(43 1 T, = 1258.1 - 10,099DV + 85,100Dv 2 

L e t t i n g  Dv = 0.028 in . ,  t h e  d e s i g n  v a l u e  f o r  t h e  v a p o r  
space t h i c k n e s s  a t  the nose s e c t i o n  e x i t ,  Tc = 1042OF. 

Equat ions  for  - S t a q n a t i o n  Line  Temperatures 

W a l l  and  v a p o r  t e m p e r a t u r e s  a t  t h e  s t a g n a t i o n  l i n e  w e r e  
c a l c u l a t e d  f r o m  the f o l l o w i n g  equat ions .  

Tw = + AT/2 (45)  

w h e r e  AT = t empera ture  d r o p  across w a l l  and wick a t  
s t a g n a t i o n  l i n e ,  OF 

Btu/ f t2-sec  
qs = aerody a m i c  heat f l u x  a t  s t a g n a t i o n  l i n e ,  

T, = vapor  tempera ture ,  OF 
Tw = s u r f a c e  temperature a t  s t a g n a t i o n  l i n e ,  OF 
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fin = r a d i a t i o n  i n t e r c h a n g e  factor for nose s u r f a c e  = 1 
R = nose r a d i u s ,  i n .  
ts = w a l l  t h i c k n e s s  a t  s t a g n a t i o n  l i n e ,  i n .  
tw = w i c k  t h i c k n e s s  a t  s t a g n a t i o n  l i n e ,  i n .  
kn = mean thermal c o n d u c t i v i t y  of nose s e c t i o n ,  

T = mean tempera ture  of nose s e c t i o n ,  O F  

Btu/hr-  f t- O F  

The mean tempera ture  T i s  found f r o m  the  Phase 1, 2, and 3 
equat ions .  (See b e l o w . )  

Equat ions  - for Phase - 1 Temperatures  

T h e  t e m p e r a t u r e s  of t h e  n o s e ,  o u t e r  s u r f a c e ,  and  i n n e r  
s u r f a c e  d u r i n g  Phase 1 w e r e  found f r o m  the f o l l o w i n g  equat ions .  

where t = t i m e ,  sec 
T = mean tempera ture  of nose,  O F  

To = t empera ture  of o u t e r  s e c t i o n ,  “F  
T i  = t empera ture  of i n n e r  s e c t i o n ,  O F  

Qn = n e t  heat load on nose s u r f a c e ,  Btu/sec 

Qii = n e t  heat load on i n n e r  s u r a c e ,  Btu/sec 
Ctn = thermal capacity of nose s e c t i o n ,  Btu/OF 
Ctw = thermal c a p a c i t y  of i n n e r  s e c t i o n ,  Btu/”F,  and a lso 

= n e t  heat load on o u t e r  s u r f a c e ,  Btu/sec Qoo 

= thermal c a p a c i t y  of o u t e r  s e c t i o n ,  Btu/OF 

Equat ions  - f o r  Phase - 2 Temperatures  - and Continuum F r o n t  P o s i t i o n  

System t e m p e r a t u r e s  and  t h e  l o c a t i o n  of t h e  con t inuum 
f r o n t  i n  Phase 2 w e r e  found f r o m  the f o l l o w i n g  equat ions .  

dT = ( Qn ,,‘“)dt 

Q i i ( L  - Y) 
d T i  = d t  

C t J L  - y )  
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2 
s o n i c  l i m i t ,  Btu/ in2-sec 
vapor  space area a t  nose s e c t i o n  e x i t ,  i n  
l e n g t h  of o u t e r  and i n n e r  s u r f a c e ,  i n .  
p o s i t i o n  of continuum f r o n t ,  i n .  
thermal c a p a c i t y  of l e n g t h  y of i n n e r  
s e c t i o n ,  Btu/"F,  and a l s o  
thermal c a p a c i t y  of l e n g t h  y of o u t e r  
s e c t i o n ,  Btu/OF 
thermal  c a p a c i t y  of l e n g t h  L-y of i n n e r  
s e c t i o n ,  Btu/OF, and a l s o  
thermal c a p a c i t y  o f  l e n g t h  L-y of o u t e r  
s e c t i o n ,  Btu/OF 
heat r e q u i r e d  t o  raise tempera ture  of i n n e r  
or o u t e r  s u r f a c e  f r o m  90°F t o  T,, Btu 
heat r e q u i r e d  t o  ra ise  tempera ture  of o u t e r  
s u r f a c e  f r o m  90°F t o  To, Btu 
heat r e q u i r e d  t o  ra ise  tempera ture  of i n n e r  
s u r f a c e  f r o m  90°F t o  T i ,  Btu 
n e t  heat load o v e r  l e n g t h  L-y o f  o u t e r  
s u r f a c e ,  Btu /sec  
n e t  heat load o v e r  l e n g t h  L-y of i n n e r  
s u r f a c e ,  Btu /sec  

Eauat ions  for Phase 3 Temperatures  

T h e  s y s t e m  t e m p e r a t u r e s  i n  Phase 3 w e r e  c a l c u l a t e d  f r o m  
the f o l l o w i n g  equat ions .  

To = T i  = Tv (55)  

I n  Equat ion (54) ,  the thermal capacity Ct i s  e q u a l  t o  the 
sum of the thermal capaci t ies  of the i n n e r  any o u t e r  s e c t i o n s ,  
p l u s  the thermal c a p a c i t y  o f  the end plate.  

R e s u l t s  

The  t empera tu re  h i s t o r y  w a s  c a l c u l a t e d  by c o n v e r t i n g  the 
above e q u a t i o n s  t o  f i n i t e  d i f f e r e n c e  f o r m  and t h e n  marching o u t  
s o l u t i o n s  f o r  s u c c e s s i v e  t i m e  i n c r e m e n t s  A t .  T e m p e r a t u r e  
h i s t o r i e s  w e r e  c a l c u l a t e d  f o r  v a r i o u s  v a l u e s  of the  l e a d i n g  
edge l e n g t h  L and  t h e  r a d i a t i o n  i n t e r c h a n g e  f ac to r  Q i  f o r  the  
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i n n e r  su r face .  The t i m e  increment  used i n  the c a l c u l a t i o n s  w a s  
0.004 sec for the f irst  100 sec, and 0.020 sec thereafter. 

F igure  50 shows the t r a n s i e n t  character is t ics  of a 2-in.- 
l ong  l e a d i n g  edge w i t h  an  i n n e r  s u r f a c e  r a d i a t i o n  i n t e r c h a n g e  
f a c t o r  o f  0.5. T h e  peak  s t a g n a t i o n  l i n e  s u r f a c e  t e m p e r a t u r e  
and vapor  tempera ture  are 1715°F and 1655°F r e s p e c t i v e l y ,  w h i l e  
t he  c o r r e s p o n d i n g  s t e a d y - s t a t e  v a l u e s  a r e  1695°F  a n d  1638°F.  
Thus,  t e m p e r a t u r e s  a t  t h e  s t a g n a t i o n  l i n e  peak  a t  a b o u t  20°F  
above the s t e a d y - s t a t e  v a l u e s .  

Phase 1 c o n t i n u e s  u n t i l  t h e  v a p o r  t e m p e r a t u r e  reaches 
1040"F,  when con t inuum f l o w  i s  p r e d i c t e d  t o  s t a r t .  A t  t h i s  
p o i n t  the s t a g n a t i o n  l i n e  s u r f a c e  tempera ture  i s  abou t  1 1/2"F 
g r e a t e r  t h a n  the  v a p o r  t e m p e r a t u r e .  T h e  t e m p e r a t u r e  of t h e  
i n n e r  s u r f a c e  has r i s e n  t o  828"F, and t ha t  of the o u t e r  s u r f a c e  
t o  657°F. 

Phase 2 commences a t  1 0  sec and  c o n t i n u e s  u n t i l  23 sec. 
During t h i s  t i m e  i n t e r v a l ,  the continuum f r o n t  reaches the rear 
of t h e  l e a d i n g  e d g e  ( y  = 2 in . ) .  T h e  t e m p e r a t u r e  b e h i n d  the  
f r o n t  i s  e q u a l  t o  t h e  v a p o r  t e m p e r a t u r e  of a r o u n d  1040°F.  
Ahead of the f r o n t ,  the t e m p e r a t u r e  reaches 1051OF i n  the i n n e r  
s e c t i o n ,  and 844°F i n  the o u t e r  s e c t i o n .  

Phase 3 s t a r t s  a t  23 sec,  and  c o n t i n u e s  t h e r e a f t e r .  T h e  
con t inuum f r o n t  p o s i t i o n  r e m a i n s  c o n s t a n t  a t  2 i n .  f rom t h e  
nose s e c t i o n  e x i t  (i.e., a t  the end p l a t e  of the l e a d i n g  edge) .  
S i n c e  the  e n t i r e  l e n g t h o f t h e  i n n e r  a n d o u t e r  s e c t i o n s h a s  now 
b e e n  t r a v e r s e d  b y  t h e  con t inuum f r o n t ,  t h e  t e m p e r a t u r e s  of  
these s e c t i o n s  merge w i t h  t h a t  of the sodium vapor.  

T h e  p e a k  and  s t e a d y - s t a t e  s u r f a c e  t e m p e r a t u r e s  a t  the  
s t a g n a t i o n  l i n e  a r e  shown i n  F i g u r e  5 1  a s  a f u n c t i o n  of L and  
Qi. For Qi = 0.5, the v a l u e  used f o r  d e s i g n  purposes ,  the peak 
t e m p e r a t u r e  d r o p s  f r o m  1715°F  t o  1652°F  a s  L i n c r e a s e s  f r o m  2 
i n .  t o  4 i n .  I f  Qi  = 0.8, t h e  p e a k  t e m p e r a t u r e  v a r i e s  f r o m  
1670°F  t o  1 6 0 4 ° F  o v e r  t he  s a m e  r a n g e  of L. C o n v e r s e l y ,  a 
s m a l l e r  v a l u e  of Qi y i e l d s  h i g h e r  peak  and  s t e a d y - s t a t e  t e m -  
p e r a t u r e s .  

I t  appears t h a t  peak  l e a d i n g  e d g e  t e m p e r a t u r e s  c a n  be 
l i m i t e d  t o  1700°F or less  by u t i l i z i n g  heat pipe c o o l i n g  w i t h  
sodium a s  t h e  hea t  pipe f l u i d .  T h e  l e a d i n g  e d g e  l e n g t h  re- 
q u i r e d  t o  a c h i e v e  t h i s  t e m p e r a t u r e  g o a l  i s  d e p e n d e n t  o n  the  
e x t e n t  of r a d i a t i v e  in t e rchange  between the i n n e r  l e a d i n g  edge 
s u r f a c e  and i t s  surroundings.  

Since the tempera ture  d i f f e r e n t i a l  across the l e a d i n g  edge 
t h i c k n e s s  i s  less  t h a n  1 ° F  d u r i n g  Phase 1, thermal  stress i s  
n e g l i g i b l e .  The m o s t  c r i t i c a l  thermal stress c o n d i t i o n  occur s  
du r ing  Phase 3 a t  abou t  80 sec, when the t empera tu re  d i f f e r e n c e  
i s  a b o u t  36°F and  t h e  l e a d i n g  e d g e  t e m p e r a t u r e  has  peaked .  
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L E A D I N G  EDGE LENGTH ( L E S S  NOSE R A D I U S )  = 2 in .  
INNER SURFACE R A D I A T I O N  INTERCHANGE FACTOR = 0.5 

MP. AT STAGNATION L I N E  

Tv = VAPOR TEMP. AT STAGNATION L I N E  

Ti = INNER SURFACE TEMP. AHEAD OF 

To = OUTER SURFACE TEMP. AHEAD OF 

y = CONTINUUM FRONT LOCATION 

CONTINUUM FRONT 

CONTINUUM FRONT 

MEASURED FROM NOSE E X I T  

I- z 
2 s  L 

1 s  H 

5 
I- z 
0 o v  

0 10 20 30 40 50 60 70 80 90 100 

TIME,  SEC 

F igu re  50. Trans ient  B e h a v i o r  o f  H e a t  P i p e  C o o l i n g  S y s t e m  
f o r  Leading E d g e  

135 



1 0.2 

0.2 

0.5 

0.5 

0.8 

0.8 

2.0 2.5 3.0 3.5 4.0 

LEADING EDGE LENGTH (LESS NOSE RADIUS), I N .  

F i g u r e  51. Peak and Steady-State  Temperatures a t  Stagnat ion L i n e  
o f  Engine I n l e t  Leading Edge 

From E q u a t i o n  ( 3 8 ) ,  t h e  maximum t h e r m a l  s t ress  i s  a t e n s i l e  
s tress of 5990 p s i  a t  t h e  i n n e r  r a d i u s .  From p a g e  125 ,  t h e  
b e n d i n g  stress i s  3440 p s i ,  and  i s  c o m p r e s s i v e  a t  t h e  i n n e r  
r a d i u s .  The n e t  t e n s i l e  s t ress  i s  t h e n  2550 p s i ,  w e l l  below 
t h e  y i e l d  s tress of 16 ,700  p s i  f o r  Haynes 25 a t  1650'F. Thus,  
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thermal stress i s  n o t  e x c e s s i v e  d u r i n g  the t r a n s i e n t  phase o f  
f l i g h t .  

HEAT TRANSPORT LIMITS DURING TRANSIENT 

H e a t  pipe heat t r a n s p o r t  l i m i t s  w e r e  c a l c u l a t e d  and com- 
p a r e d  w i t h  a c t u a l  hea t  t r a n s p o r t  r a t e s  a n d / o r  r e l a t e d  para- 
meters d u r i n g  t h e  t e m p e r a t u r e  t r a n s i e n t .  C a l c u l a t i o n s  w e r e  
performed g e n e r a l l y  us ing  the s a m e  methods as  w e r e  employed f o r  
de te rmining  the steady-state heat t r a n s p o r t  l i m i t s .  However, 
s o m e  m o d i f i c a t i o n s  w e r e  necessary ,  as  w i l l  now be described. 

Modi f i ca t ions  for  T r a n s i e n t  Case 

The s o n i c  and en t ra inment  l i m i t s  r e p r e s e n t  the a x i a l  heat 
f l u x  (heat t r a n s p o r t  ra te  per u n i t  minimum vapor  space area) a t  
which s o n i c  v e l o c i t y  i s  reached and  v a p o r  s t a r t s  t o  e n t r a i n  
l i q u i d  f r o m  t h e  wick ,  r e s p e c t i v e l y .  These l i m i t s  mus t  be 
compared w i t h  the  a c t u a l  a x i a l  h e a t  f l u x  l e a v i n g  t h e  n o s e  
s e c t i o n .  T h e  l a t t e r  h e a t  f l u x  w a s  found  by s u b t r a c t i n g  t h e  
ra te  a t  w h i c h  heat i s  absorbed i n  the nose s e c t i o n  f r o m  the n e t  
i n c i d e n t  h e a t i n g  ra te  on the nose su r face .  

T h e  b o i l i n g  l i m i t  r e p r e s e n t s  t h e  h e a t  f l u x  a t  t h e  
wa l l /w ick  i n t e r f a c e  a t  w h i c h  b o i l i n g  i s  i n i t i a t e d  i n  the heat  
pipe l i q u i d .  What w a s  a c t u a l l y  c a l c u l a t e d  i s  the n e t  heat f l u x  
a t  t h e  s t a g n a t i o n  l i n e  which  wou ld  i n i t i a t e  b o i l i n g  i n  t h e  
w i c k .  I t  may be shown t h a t  t h i s  f i g u r e  i s  0.542 t i m e s  t h e  
b o i l i n g  l i m i t  c a l c u l a t e d  a t  t h e  w a l l / w i c k  i n t e r f a c e  o n  t h e  
basis o f  r e c t i l i n e a r  geometry. A f u r t h e r  c o r r e c t i o n  shou ld  be 
made t o  a c c o u n t  f o r  h e a t  a b s o r p t i o n  i n  t h e  w a l l  o f  t h e  n o s e  
s e c t i o n ,  w h i c h  would  i n c r e a s e  t h e  s t a g n a t i o n  l i n e  hea t  f l u x  
r e q u i r e d  t o  i n i t i a t e  b o i l i n g .  This l a t t e r  c o r r e c t i o n  w a s  ig -  
nored here, r e s u l t i n g  i n  c o n s e r v a t i v e l y  l o w e r  estimates of the 
s t a g n a t i o n  l i n e  heat f l u x  a t  w h i c h  b o i l i n g  starts. 

T h e  c a p i l l a r y  pumping l i m i t  c a l c u l a t i o n  d e t e r m i n e s  the  
maximum p r e s s u r e  d i f f e r e n c e  be tween  t h e  h e a t  pipe v a p o r  and 
l i q u i d ,  which i n  t u r n  e s t a b l i s h e s  t h e  minimum diameter  of 
c u r v a t u r e  a t  the l iqu id -vapor  i n t e r f a c e .  The a c t u a l  wick pore 
d i a m e t e r  m u s t  be l e s s  t h a n  t h e  minimum d i a m e t e r  o f  c u r v a t u r e .  
Ac tua l  heat t r a n s f e r  ra tes  a t  the l i q u i d - v a p o r  i n t e r f a c e  must 
be u s e d  i n  t h e  c a p i l l a r y  pumping l i m i t  e q u a t i o n .  Therefore,  
heat t r a n s f e r  rates i n c i d e n t  on the nose and i n n e r  s e c t i o n s  of 
t h e  l e a d i n g  edge mus t  be r e d u c e d  b y  t h e  h e a t  a b s o r p t i o n  ra tes  
i n  these s e c t i o n s .  

During Phase 2 of the t r a n s i e n t ,  when the continuum f r o n t  
is  advancing  through the l e a d i n g  edge i n t e r i o r ,  a s u b s t a n t i a l  
f r a c t i o n  of the vapor  gene ra t ed  a t  the nose s e c t i o n  condenses  
o n  t h e  w i c k  a t  t h e  con t inuum f r o n t ,  i n  a d d i t i o n  t o  t h a t  w h i c h  
condenses  a l o n g  the w i c k  l e n g t h  behind the f r o n t .  The a v e r a g e  
f l u i d  v e l o c i t y  i n  the condensing r eg ion  i s  t h e n  l a r g e r  t h a n  i s  
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the  case when c o n d e n s a t i o n  o c c u r s  u n i f o r m l y  o v e r  t h e  e n t i r e  
condenser  l eng th .  This e f fec t  w a s  a l l o w e d  f o r  i n  the equa t ions  
by assuming adiabatic (noncondensing)  f l o w  when c a l c u l a t i n g  the 
a x i a l  f l u i d  p r e s s u r e  d r o p s .  T h e  f l u i d  v e l o c i t i e s  a r e  t h e n  
c o n s t a n t  and e q u a l  t o  the i r  e n t r a n c e  v a l u e s ,  a s s u r i n g  a conser-  
v a t i v e l y  h i g h  estimate o f  the f r i c t i o n a l  p r e s s u r e  drops. The 
l i q u i d  p r e s s u r e  d r o p  due t o  v e h i c l e  a c c e l e r a t i o n  and g r a v i t y  
w a s  i n c l u d e d  i n  the l i q u i d  p r e s s u r e  d r o p  c a l c u l a t i o n s .  

R e s u l t s  

R e s u l t s  o f  the t r a n s i e n t  heat t r a n s p o r t  l i m i t  c a l c u l a t i o n s  
a r e  g i v e n  i n  F i g u r e s  52 and  53. I n  F i g u r e  52, t he  s o n i c  and  
e n t r a i n m e n t  l i m i t s  a r e  p l o t t e d  a g a i n s t  t i m e ,  a l o n g  w i t h  the  
a c t u a l  a x i a l  h e a t  f l u x .  Dur ing  Phase 2, t h e  a x i a l  h e a t  f l u x  i s  
e q u a l  t o  t h e  s o n i c  l i m i t .  T h e  a x i a l  h e a t  f l u x  i s  s e e n  t o  be 
always less t h a n  or e q u a l  t o  the s o n i c  and en t ra inment  l i m i t s .  

I n  F i g u r e  53, t h e  s t a g n a t i o n  l i n e  b o i l i n g  l i m i t  i s  c o m -  
pared w i t h  t h e  a c t u a l  n e t  s t a g n a t i o n  l i n e  h e a t  f l u x ,  and t h e  
minimum d i a m e t e r  of c u r v a t u r e  a t  t h e  l i q u i d - v a p o r  i n t e r f a c e  
r e q u i r e d  for c a p i l l a r y  pumping i s  compared w i t h  the wick pore 
diameter of the 400-mesh s c r e e n  used at the l i q u i d - v a p o r  i n t e r -  
f a c e .  T h e  b o i l i n g  l i m i t  i s  s e e n  t o  be a l w a y s  w e l l  a b o v e  t h e  
s t a g n a t i o n  l i n e  heat f l u x .  The diameter of c u r v a t u r e  remains 
w e l l  above the wick pore diameter, r each ing  i t s  lowest v a l u e  a t  
t h e  end  of Phase 2 ( a t  23 sec) .  

T h e  d a t a  p r e s e n t e d  i n  F i g u r e s  52 a n d  53 i n d i c a t e s  t h a t  
d i s r u p t i o n s  i n  heat t r a n s p o r t  th rough the l e a d i n g  edge i n t e r i o r  
due  t o  h e a t  p ipe  h e a t  t r a n s p o r t  l i m i t a t i o n s  s h o u l d  n o t  o c c u r  
d u r i n g  the c l i m b  t r a n s i e n t .  

CONCLUDING REMARKS 

The a n a l y s i s  p re sen ted  i n  t h i s  report i n d i c a t e s  t h a t  the 
u s e  of h e a t  pipe c o o l i n g  t e c h n i q u e s  i n  t h e  d e s i g n  of sc ramje t  
i n l e t  l e a d i n g  e d g e s  i s  f e a s i b l e .  By f a b r i c a t i n g  t h e  l e a d i n g  
edge as  a ho l low s h e l l  w i t h  a s o d i u m - f i l l e d  porous wick l i n e r ,  
h e a t  i n c i d e n t  o n  t h e  n o s e  and  i n n e r  s u r f a c e  o f t h e  l e a d i n g  edge  
c a n  be d i s s i p a t e d  from the  o u t e r  s u r f a c e  w i t h  a m i n i m a l  t e m -  
p e r a t u r e  drop. 

W i t h  a l e a d i n g  e d g e  r a d i u s  of 0.035 i n .  and  a n  o v e r a l l  
l e n g t h  of  2-3 i n . ,  peak  l e a d i n g  e d g e  t e m p e r a t u r e s  c a n  be h e l d  
t o  1 7 0 0 ° F  o r  l ess .  T h e r m a l  and  b e n d i n g  stresses a re  h e l d  t o  
t o l e r a b l e  l e v e l s  b y  t h e  u s e  of  t h i n  (0.010 i n . )  w a l l s  and  
wicks,  and c l o s e l y  spaced (0.2 in . )  chordwise ribs. The lead-  
i n g  e d g e  c a n  t h e n  be f a b r i c a t e d  f rom a n  o x i d a t i o n - r e s i s t a n t  
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s u p e r a l l o y  such as Haynes 25. O v e r a l l  weights  are  on the order 
o f  2 l b / f t 2  of p lanform area. 

I t  i s  recommended t h a t  a f e a s i b i l i t y  demonst ra t ion  of heat 
p ipe  c o o l i n g  f o r  a s m a l l - r a d i u s  e n g i n e  i n l e t  l e a d i n g  e d g e  be 
car r ied  o u t ,  u s i n g  s u p e r a l l o y  c o n s t r u c t i o n  and  sodium as t h e  
heat pipe f l u i d .  A d d i t i o n a l  a n a l y t i c a l  s t u d i e s  t o  i d e n t i f y  the 
minimum feasible  r a d i u s  of heat-pipe-cooled l e a d i n g  edges are 
also recommended. 
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APPENDIX A - REVIEW OF PRIOR WORK 

T h e  work o n  hea t  pipe c o o l i n g  s y s t e m s  f o r  scramjet  c o m -  
b u s t o r  l i n e r s  p re sen ted  i n  the main par t  o f  t h i s  report repre- 
s e n t s  t h e  c o n t i n u a t i o n  o f  a n  e a r l i e r  s t u d y  c o n d u c t e d  f o r  t h e  
Naval  Sur face  Weapons Center  under  Purchase O r d e r  N 60921-83-M- 
G788. 

S t u d y  o b j e c t i v e s  were t o  d e t e r m i n e  i f  h e a t  p ipe  c o o l i n g  
f o r  scramjet combus to r  l i n e r s  i s  f eas ib l e ,  and  t o  i d e n t i f y  
d e s i g n  concep t s  war ran t ing  f u r t h e r  i n v e s t i g a t i o n .  

Design c r i t e r i a  w e r e  p rov ided  by the Johns Hopkins Applied 
Physics  Laboratory.  Inc luded  w e r e :  engine  s i ze  and conf igura-  
t i o n ,  t r a j e c t o r y  data, and combustor l i n e r  heat f l u x  data. The 
e n g i n e  s i z e  and  c o n f i g u r a t i o n  w e r e  a p p r o x i m a t e l y  a s  shown i n  
F i g u r e  4, page 10. The t r a j e c t o r y  and l i n e r  heat f l u x  data are 
g i v e n  i n  Table A l .  

I n  one d e s i g n  op t ion ,  the combustor l i n e r  c o n s i s t e d  of a 
0.125 i n .  l a y e r  of c a r b o n - c a r b o n  coated w i t h  a 0.070 i n  l a y e r  
of p y r o l y t i c  g r a p h i t e .  T h e  h e a t  pipe c o o l i n g  s t r u c t u r e  s u r -  
rounded  t h e  l i n e r  and  w a s  assumed t o  be i n  pe r f ec t  thermal  
c o n t a c t  w i t h  t h e  l i n e r .  I n  t h e  o the r  o p t i o n ,  t h e  h e a t  pipe 
c o o l i n g  s t r u c t u r e  i t s e l f  s e r v e d  a s  t h e  combus to r  l i n e r .  TZM 
molybdenum w a s  selected as the c o o l i n g  system s t r u c t u r a l  mater- 
i a l ,  and l i t h i u m  as the heat pipe and heat s i n k  f l u i d .  

Three types of heat s i n k s  w e r e  considered:  s e n s i b l e  l i t h -  
ium, v a p o r i z i n g  l i t h i u m ,  and  r a d i a t i o n .  T h e  manner  i n  w h i c h  
t h e h e a t s i n k s  w e r e  i n t e g r a t e d w i t h t h e  l i n e r  a n d h e a t  pipe f o r  
the  f i r s t  o p t i o n  i s  shown i n  F i g u r e  A l .  T h e  same c o n f i g u r a -  
t i o n s  a p p l y  fo r  t he  s e c o n d  o p t i o n ,  e x c e p t  t h a t  t h e  sepa ra t e  
carbon-carbon l i n e r  is  n o t  p re sen t .  

C o o l i n g  s y s t e m  characteristics which are common to the 
carbon-carbon and T Z M  (heat pipe) l i n e r  o p t i o n s  are  summarized 
i n  Table  A2. T h e  c o o l i n g  sys tem t e m p e r a t u r e  f o r  t h e  c a r b o n -  
carbon l i n e r  o p t i o n  i s  1250°F lower t h a n  the l i n e r  t empera tu re  
b e c a u s e  of t h e  l o w  thermal c o n d u c t i v i t y  of the  p y r o l y t i c  
g r a p h i t e  l i n e r  coa t ing .  

A t o t a l  of 18 heat pipe c o o l i n g  concepts  w e r e  ana lyzed  i n  
a s c o p i n g  s t u d y  o n  t he  bas i s  of a f i g u r e  of m e r i t  ( F O M ) .  T h e  
F O M w a s  d e f i n e d  a s  the  sum o f t h e  i n c r e a s e  i n e n g i n e w e i g h t  and  
decrease i n  f u e l  weight  r e s u l t i n g  f r o m  s u b s t i t u t i o n  of the heat 
pipe l i n e r  c o o l i n g  system for a comparable uncooled l i n e r .  The 
f i g u r e  o f  m e r i t  for f i v e  concep t s  w a s  found t o  be a t  least  50% 
lower t h a n  the FOM for the other 13 concepts .  

T h e  cha rac t e r i s t i c s  of t hese  f i v e  c o n c e p t s  a r e  g i v e n  i n  
Table A3. The c a n d i d a t e  concep t s  i d e n t i f i e d  i n  Table A3 w e r e  



Time 

sec 

4 
8 
12 
16 
20 
24 
28 
32 

36 
40 
44 
48 
52 
56 
60 
64 
68 
72 
80 
88 
100 
120 
140 
160 
180 
202 
358 

Table A I .  T r a j e c t o r y  and L i n e r  Heat F lux  Data 

A1 t i  tude 

1000 f t  

3.52 
10.60 
17.85 
25.09 
32.24 
39.20 
45.87 
52.22 

58.02 
63.17 
67.64 
71.46 
74.69 
77.42 
79.41 
81.64 
83.27 
84.64 
86.80 
88.38 
90.04 
91.71 
92.68 
93.28 
93.67 
93.97 
93.97 

Mach No. 

3.192 
3.345 
3.612 
3.805 
4.163 
4.385 
4.688 
4.955 
5.177 
5.350 
5.491 
5.605 
5.702 
5.786 
5.860 
5.926 
5.974 
5.994 
5.997 
5.997 
5.996 
5.996 
5.995 
5.995 
5.995 
5.995 
5.995 

A i r  Pressure 

p s i  

12.92 
9.88 
7.39 
5.45 
3.95 
2.84 
2.06 
1.52 
1 .I5 
0.90 
0.73 
0.61 
0.52 
0.46 
0.41 
0.38 
0.35 
0.32 
0.29 
0.27 
0.25 
0.23 
0.22 
0.22 
0.21 
0.21 
0.21 

L i n e r  Temperature, O F  

; 
L i n e r  Heat Flux,  B t u / f t 2 - s e c  

973.0 
862.2 
867.1 
771.4 
842.9 
752.6 
731.4 
670.3 
571.7 
489.3 
424.7 
375.7 
338.0 
309.8 
288.5 
271.9 
256.7 
177.7 
146.7 
136.1 
128.1 
121.5 
118.0 
115.8 
114.4 
113.2 
113.2 

285.2 
261.3 
305.8 
288.9 
385.0 
380.9 
419.8 
415.6 
363.6 
316.9 
279.0 
249.7 
226.7 
209.6 
196.5 
186.4 
177.0 
110.2 
89.3 
82.8 
78.5 
75.1 
73.8 
72.7 
72.0 
71.3 
71.3 

- 
- 
- 
1 .I 

111.9 
157.9 
234.7 
263.8 
239.4 
214.1 
192.1 
174.6 
160.4 
149.8 
141.7 
135.4 
129.4 
70.0 
55.0 
51.4 
49.3 
47.9 
47.3 
47.0 
46.6 
46.2 
46.2 

- 
- 
- 
- 
- 
- 

55.2 
117.6 
119.9 
115.2 
108.5 
102.3 
96.5 
92.2 
88.9 
86.3 
83.7 
31.3 
22.0 
21.2 
21.2 
21.6 
21.9 
22.2 
22.3 
22; 1 
22.1 



HEAT S I N K  INTEGRATED WITH COMBUSTOR HEAT P I P E  

HEAT SINK + COMBUSTOR HEAT P I P E  

/ HEAT S I N K  

HEAT S INK + COMBUSTOR & RADIATOR HEAT P I P E S  

COMBUSTOR HEAT P I P E  & RADIATOR HEAT P I P E  

A separate carbon-carbon l i n e r  i s  n o t  present when t h e  heat 
p ipe  i t s e l f  serves as the  combustor l i n e r .  

HEAT P I P E  

LINER 

Figure A I .  L ine r  Cooling Concept Configurations 
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Table A 2 .  Cooling System Characteristics 

Characteristic C-C Liner TZM Liner 

Liner Temperature, OF 
Heat Load, Btu 
Peak Heat Flux, Btu/ft2-sec 
Steady State Heat Flux, Btu/ft2-sec 
Cooling System Temperature, OF 
Heat Pipe & Heat Sink Fluid 
Vapor Pressure, psia 
Structural Materi a1 
Wall & Rib Thickness, in. 

3500 
185,000 
140 
24 
2250 
Lithium 
6.6 
TZM 
0.015 

3000 
31 0 , 000 
230 
40 
3000 
Lithium 
95.7 
TZM 
0.015 

I I 

I subjected t o  more d e t a i l e d  a n a l y s i s  i n  the Cooling System 

concept was then s e l e c t e d  for eva luat ion  i n  the remaining 
I Integrabil i ty  task of the current study program. A preferred 

I program tasks 
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Table A3. Characteristics o f  Candidate Cooling Concepts 

Characteristic 

Figure o f  Merit, lb 
L i ner Mater i a1 
Heat Sink Type 
Combustor Heat Pipe 
Radiator Heat Pipe 
Cooling System Temp., OF 
Weight, lb 
Volume, ft3 
Displaced Weight, lb 
Displaced Volume, ft3 
Net Weight Increment, lb 
Fuel Weight Decrement, lb 
Heat Pipe Thickness, in. 
Heat Sink Thickness, in. 
Combined HP/HS Thickness, in. 
Rib Spacing, in. 
Radiator Area, ft2 
Radiator Length, ft 

c7 C8 c4 M6 c5 

29 
c-c 
- 
X 

X 

2250 
78 
0.83 
54 
0.75 
24 
5 
0.211 
- 
0.211 
1.06 
22.5 
4.1 

54 
c-c 
V 
X I1 

2250 
57 
0.77 
10 
0.66 
47 
7 
- 
- 
0.511 
1.06 
- 
- 

70 
c-c 
V 
X I C  
- 
2250 
72 
0.78 
10 
0.66 
62 
8 
- 
0.494 
0.494 
1.06 
- 
- 

60-75 
TZM 
V 
X 

X 

3000 
112-120 
0.98-1.08 
65 
0.79 
47-55 
13-20 
0.180 
0.203 
0.383 
0.11 -0.18 
13.2 
2.4 

81 
c-c 
V 
X 

2250 
67 
1.02 
10 
0.66 
57 
24 
0.211 
0.466 
0.677 
1.06 
- 
- 

Notes: V denotes vaporizing lithium heat sink. 
X denotes that indicated component is present. 
11 denotes that indicated components are integrated as 

IC denotes that the heat pipe wick and the lithium heat 
single structure. 

sink are a single combined entity. 
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APPENDIX B - RADIATOR AREA 

The n e t  heat t r a n s f e r  ra te  per u n i t  area q f r o m  the radia- 
t o r  s u r f a c e  i s  e q u a l  t o  t h e  r a d i a t i o n  r a t e  f r o m  the  s u r f a c e  
minus the aerodynamic h e a t i n g  ra te  on the s u r f a c e ,  or 

where Tr = a b s o l u t e  recovery  t empera tu re  
Tw = a b s o l u t e  r a d i a t o r  s u r f a c e  tempera ture  
h = heat t r a n s f e r  c o e f f i c i e n t  
0 = Stefan-Boltzmann r a d i a t i o n  c o n s t a n t  
8 = s u r f a c e  e m i s s i v i t y  

The s u r f a c e  t empera tu re  when q = 0 is c a l l e d  the r a d i a t i o n  
e q u i l i b r i u m  t e m p e r a t u r e .  From E q u a t i o n  (Bl), Tr  c a n  t h e n  be 
expressed  as 

coTe4 + hTe 
h Tr = - 

where Te is  the a b s o l u t e  r a d i a t i o n  e q u i l i b r i u m  temperature .  

t r a n s f e r  rate q can  be w r i t t e n  
Upon s u b s t i t u t i o n  of Equat ion  (B2)  i n t o  ( B l ) ,  the n e t  heat 

where 

From Equat ion (B2) ,  

ca(Tw 4 - Te4) 

On s u b s t i t u t i o n  o f  E q u a t i o n  ( B 5 )  i n t o  ( B 4 ) ,  f3 may be 
w r i t t e n  
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A l s o ,  

where A, = radiator area 
A1 = l i n e r  area 
q1 = l i n e r  heat f l u x  
Q = n e t  heat t r a n s f e r  ra te  

Upon s u b s t i t u t i o n  of  E q u a t i o n  (B7) i n t o  (B3) a n d  s o l v i n g  
fo r  A,, 

T h e  r a d i a t o r  a rea  c a n  be found  f r o m  E q u a t i o n s  (B6) and  

The r e c o v e r y  tempera ture  i s  g i v e n  by 

( B 8 )  when Tw, Tr ,  and  Te a re  spec i f i ed .  

Tr = Ts + r ( T t  - Ts) 

where Ts = s t a t i c  tempera ture  
Tt = t o t a l  tempera ture  
r = r e c o v e r y  factor 

The t o t a l  t empera tu re  (15)  i s  g i v e n  by 

= T s ( l  + - 2 Tt - 

where M = Mach number 
y = r a t i o  of s p e c i f i c  hea ts  a t  c o n s t a n t  p r e s s u r e  and  

c o n s t a n t  volume 

Upon s u b s t i t u t i o n  of Equat ion (B10) i n t o  (B9), 

T h e  r e c o v e r y  t e m p e r a t u r e  Tr  c a n  be found  f r o m  E q u a t i o n  
( B 1 1 )  f o r  s p e c i f i e d  v a l u e s  of Ts, r, M ,  and  Y .  F o r  a i r ,  
y = 1.4.  
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T h e  r a d i a t i o n  e q u i l i b r i u m  t e m p e r a t u r e  c a n  be found  f r o m  
tables  such as  are g i v e n  i n  Reference  4. 
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APPENDIX C - THERMAL PROPERTY DATA 

T h e r m a l  p r o p e r t y  da t a  f o r  t h e  l i n e r ,  h e a t  pipe,  i n s u l a -  
t i o n ,  f u e l ,  a n d  f u e l  t a n k  m a t e r i a l s  which w e r e  u s e d  i n  the  
c o o l i n g  system concept  d e s i g n  s t u d i e s  are p resen ted  here. 

TZM MOLYBDENUM, LITHIUM, AND CARBON-CARBON ( 7 ,  11, 16, 20) - - 
Curves w e r e  f i t t e d  t o  temperature-dependent  property data 

fo r  TZM molybdenum, l i t h i u m ,  and  c a r b o n - c a r b o n  t o  f a c i l i t a t e  
t h e i r  u s e  i n  t h e  a n a l y t i c a l  s t u d i e s .  T h e r m a l  p r o p e r t y  equa-  
t i o n s  f o r  t hese  m a t e r i a l s  w e r e  f o r m u l a t e d  i n  t h e  f o l l o w i n g  
forms 0 

k = F + GT + HT2 ( c3 )  

cs = I + JT + K T ~  ( c4 )  

C t  = N + OT 

a = P + Q T  (c7)  

where A th rough Q are thermal p r o p e r t y  c o n s t a n t s  

O 3  

T = t empera ture ,  
w = d e n s i t y ,  l b / i n  
c = specific heat,  Btu/lb-'F 
k = thermal c o n d u c t i v i t y ,  Btu/hr-ft-OF 

Cs = s e n s i b l e  thermal  c a p a c i t y  = jcdT, B t u / l b  
90 

C1 = l a t e n t  thermal  capacity, B tu / lb  
Ct = t o t a l  thermal c a p a c i t y  = Cs + c ~ ,  B t u / l b  
a = t he rma l  expansion c o e f f i c i e n t ,  in . / in . -"F  

T 

The thermal  property c o n s t a n t s  fo r  TZM molybdenum and  
carbon-carbon are  g i v e n  i n  Table C1. The i n i t i a l  t empera tu re  
used i n  the c a l c u l a t i o n  of the rma l  capacity w a s  90°F. 
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Table Cl. Thermal Property Constants for TZM Molybdenum 
and Carbon -C ar bon 

TZM Molybdenum Carbon-Carbon 

0.3618 
-5.017~10-~ 
0.0593 
7.33~1 0-6 
0.0 
74.17 
-0.00833 
0.0 
-5.37 
0.0593 
3.67~1 0-6 
0.0 
1.825~10-~ 
8.75~10-'~ 

0.058 
0.0 
0.100* 
2.90~10-~* 
o.o* 
3.16 
0.00043 
0.0 
-217.5 
0.417 
1. Z ~ X I O - ~  
0.0 
1 .oox10-6 
0.0 

* Applies for T~1000"F. 
For T>lOOO°F, let c = 0.1137*ln(T + 460) - 0.4384 

1 I 

Thermal property constants for lithium are  given i n  Table 
C 2 .  Data i s  presented s e p a r a t e l y  f o r  temperatures below the  
mel t ing  p o i n t  of 367"F ,  a t  t h e  mel t ing  po in t ,  and above t h e  
melting point. Again, the i n i t i a l  temperature used t o  calcu- 
l a t e  the thermal capacity was 90'F. 

Below the melting point, mean values over the temperature 
range between 9 0 ° F  and the  mel t ing  po in t  were used i n  speci-  
fying the density and specif ic  heat. A t  the melting point, the 
s p e c i f i c  h e a t  was assumed t o  be equal  t o  t h e  h e a t  of fusion 
(186 Btu/lb). With t h i s  assumption, the addition of a quantity 
of h e a t  equal  t o  t h e  h e a t  of fus ion  r a i s e s  t h e  temperature of 
1 l b  of l i t h i u m  a t  t h e  mel t ing  p o i n t  by 1 ° F  (nominal ly  zero) .  
The thermal capac i ty  a t  t h e  me l t ing  po in t  was taken t o  be t h e  
sum of the thermal capacity from 90°F t o  the melting point plus  
the heat of fusion. 

152  



Table C2. Thermal Proper ty  Constants for L i t h i u m  

Constant Bel ow MP A t  MP(1iq.) Above MP 

A 
B 

C 

D 

E 

F 

G 
H 
I 
J 
K 

L 
M 
N 
0 

0.019 
0.0 

0.79 

0.0 
0.0 

20.26 
0.0149 

-3.268~1 0-6 

0.01939 

-2.008~1 0-6 

186.0 

0.0 

0.0 

20.26 
0.0149 

- 3 . 2 6 8 ~ 1 0 - ~  

0.01939 

-2.008~1 0-6 

1 .o 
1 .o 
1 .o 
20.26 
0.0149 

- 3 . 2 6 8 ~ 1 0 - ~  
- 37.83 

- 1 .oo 
- 0.0 

- 10,230 

- -0.77 

- 10,268 

- 0.23 

Above the m e l t i n g  p o i n t ,  the thermal capacity i s  e q u a l  t o  
the  sum of t h e  thermal  c a p a c i t y  a t  t h e  m e l t i n g  p o i n t  p l u s  the  
thermal  c a p a c i t y  f r o m  the  m e l t i n g  p o i n t  t o  t h e  temperature i n  
ques t ion .  

S I L I C O N  CARBIDE ( 2 1 )  

For c a l c u l a t i o n a l  purposes ,  the thermal c o n d u c t i v i t y  and 
specific heat of s i l i c o n  c a r b i d e  and carbon-carbon, w h i c h  are 
s i m i l a r  i n  magnitude, w e r e  assumed t o  be the s a m e .  The d e n s i t y  
of s i l i c o n  carbide i s  0.116 lb / in3 .  

MIN-K AND ZIRCAR (16, 22)  - 
M I N - K  w a s  u s e d  as  t h e  c o o l i n g  s y s t e m  i n s u l a t i o n  a t  t e m -  

p e r a t u r e s  u p  t o  2000°F. Z I R C A R  ( z i r c o n i a  f e l t )  w a s  u s e d  a t  
tempera tures  o v e r  2000°F. 
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MIN-K 

Thermal Conductivity 
Btu/hr-ft - O F  

Sea Level 80,000 ft 

0.019 0.009 

0.020 0.010 

0.025 0.015 
0.035 0.026 

0.052 0.041 

T h e  d e n s i t y  v a l u e  u s e d  f o r  MIN-K i s  0.00926 l b / i n 3 ,  a l -  
though even  l i g h t e r  forms are a v a i l a b l e .  The thermal conduct i -  
v i t y a n d  s p e c i f i c h e a t  a r e  g i v e n  i n T a b l e  C3. 

Specific Heat 
Btu/l b-OF 

0.135 

0.230 

0.260 
0.275 

0.280 
- 

1 Table C3. Thermal Conductivity and Specific heat of MIN-K 

Temperature, OF 

2000 

2500 

3000 

Thermal Conductivity, Btu/hr-ft-"F 

Air Vacuum 

0.108 0.053 

0.138 0.075 

0.175 0.108 

I n  the d e s i g n  c a l c u l a t i o n s ,  thermal c o n d u c t i v i t y  v a l u e s  a t  
80,000 f t  a l t i t u d e  w e r e  used. 

ZIRCAR 

T h e  d e n s i t y  of Z I R C A R  i s  0.00868 l b / i n 3 .  T h e  s p e c i f i c  
h e a t  i s  0.13 B t u / l b - " F  a t  200"F, a n d  0.18 B t u / l b - " F  at 4300°F. 
The thermal c o n d u c t i v i t y  i s  g i v e n  i n  Table C4. 
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I n  the d e s i g n  c a l c u l a t i o n s ,  thermal c o n d u c t i v i t y  v a l u e s  i n  
a i r  w e r e  used. 

Table C5 .  Fuel and Fuel Tank Propert ies a t  200°F 

Property Shelldyne H T i  t a n  i urn 

Density,  l b / i n 3  0.0369 0.1625 

S p e c i f i c  Heat, Btu/lb-"F 0.387 0.113 

Thermal Conductivity,  Btu/hr-ft-"F 0.090 
- 

FUEL AND FUEL TANK (23, 24) ---- 
Prope r t i e s  of the  e n g i n e  f u e l  and  f u e l  t a n k  (see Table  C5) 

w e r e  used i n  c a l c u l a t i n g  the f u e l  tempera ture  rise due t o  heat 
l eakage  f r o m  the l i n e r  c o o l i n g  system and the eng ine  sk in .  

The f u e l  w a s  assumed to  be She l ldyne  H a t  a mean tempera- 
t u r e  of 200"F, and the t ank  w a s  assumed to  be c o n s t r u c t e d  from 
t i t a n i u m .  
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